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Abstract

The pressing demand for high performance, operationally stable and inexpensive electrocatalyst
materials forproton exchange membrane fuel ceREMFGS) hasspured significant resei@h and
development interest in this fieldUntil now, fuel cells based on commercially available Pt/C
electrocatalysthavenot metsome ofthe technical challenges the widespread commercial adoption

of PEMFCs The mainissues associated withe commercial validity of PEMFCs are the high cost
and inadequate long term operational stabilityPafC catalyststypically used to facilitate the
inherently sluggish oxygereduction reaction (ORRYherefore, the replacement of Pt/C witbvel
andmore effectivecatalyst materialss critical. These expensive precious metal catalysake upa

large portion of the overall PEMFC stack cost asuffer degradation under harslotentiodynamic
conditions. Therefore, careful electrocashlyesign strategies must be developededue the cost of

ORR catalysts with sufficient activity and stability to meet the technical targets set for the use of
PEMFCs

In this work,two approaches are applied to develop new electrocatalyst materials for PEMIECSs
first is to designunique sulfurdoped graphene (SG) and sultloped CNT (SCNT) supports with
the objective of replacing the traditional carbon blacknbancestability toward carbon corrosion.
The second i$o deposit Pt nanoparticles and nanowires onto SG a@tl Bwith the objective of
exceeding theactivity and stability possible with conventional catalystsThese two catalyst
technologies are developed with the ultienabjective of integrating thPt electrodeinto membrane
electrode assembly (MEA) provide excellent PEMFC performance

The first study focuses omé use ofSG prepared by a thermal shock/quench anneal process as a
unique Pt nangarticle support (PtS). These materials are subjected to a variety of physicochemical
characterizations and electrochemical investigation for the.@@Bed on haltell electrochemical
testing in acidic electrolyte, Pt/SG demonstratenieased ORR activity anghprecedentedtability

over the stateof-the-art commercial Pt/Cmaintaining 87% of its electrochemically active surface
area bllowing accelerated durabilityteding. Density functional theory (DFT) calculations
highlightedthat the interactions between Pt and geaqghare enhanced significantly by sulfur doping,
leading to a tethering effect that can explain the outstanding electrochemical stability. Furthermore,

sulfur dopants resdtlin a downshift of thé’t d-band center, explaining the excellent ORR activity



and rendering SG as a new and highly promising class of catalyst supports for electrochemical energy
technologyandPEMFCs

The beneficial impacts of SG support can be utilized by growing more stable nanostructures such as
Pt nanowires on SG to further ingwe the activity and stability of Pt catalyst@ward this end, we

carried outthe direct growth of platinum rmzowires on SGPtNW/SG) by a simple, surfactant free
solvothermal technique. The growth mechanism, including Pt nanoparticle nucleation on SG,
followed by nanoparticle attachment with orientation along the <111> direct@sasighlighted.
PINW/SG demonstrated increaseti massactivity and a specific activitythat is188% higher than
stateof-the-art commercial Pt/Qatalysts Most notably, nder a harsh potentiodynamic condition
(potential cycles: 3000, potential rang®05 to 1.5 V vs RHE)PtNW/SG retained 58% of its
electrochemically active surface area and 67#sdORR activityin comparison to Pt/C that retaith

less than 1% of its siace area and activignd so failed

Given theeviderte that SGis a promising support for Pt catalystbe next logical stefs to
investigate thénfluenceof sulfur on catalytic materials Accordingly, we study the effects of sulfur
on the electrochemicahctivity and stability of various SGsupported platinum nanowires
(PINW/SGs). To investigate the influence of sulfur, a serieS@fmnaterials with varying sulfur
contents ranging from 0.35 to 3.98areinvestigatedas Pt nanowire catalyst supports. Based on
the physicechemical characterizations, electrochemical measurement©Bhdcalculations, the
amount of sulfuris shown tosignificantly affect the electrokinetics of the Pt nanowires. Thé bes
ORR kinetics are observed for ti® nanowires supportednographene with 1.40 at% sulfukt
higher sulfur contents, further enhancemengsnot observed, and in fatéads toa loss of activity.

At lower sulfur contents, the beneficial role of sulflaesnot have a marked impact on performance
so that the characteristics and performanoare closely resemélthat obtained with undoped
graphene supports

Obviously, the beneficial effect of sulfur dopant species can be utilized by doping sulfur o ot
types of carbon supports such as CNIC($T). Finally, we report on theynthesis, characterization
and electrochemical evaluatiaf S-CNT-supportedPt nanowires(PtNW/SCNT). PtNW/SCNT
synthesized by a modified solvothermal metrdemonstrated amncreased mass activity and a
specific activity 570% higher than staaéthe-art Pt/C.The gability of PtNW/SCNT is alsoshown
to be very impressivethrough accelerated degradation testi@uly insignificant changeso the

electrochemiddy active surface area (ECSA, 93% retention) and mass activity (81% retenfion

vi



PINW/SCNT are observedver the course of cycling, in contrast to sizable lossaesrobd with

commercial Pt/C (¥% retentiorin ECSA and mass actty) under same conditions.
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Chapterll nt roducti on

1.1 Challenges and Motivation

The search for economically and environmentally sustainable energy sources is very important to
meet the growing global energy demand. The continuous depletion offtedsiland the negative

impact of carbon dioxide emissions on the environment have stimulated the development of
alternative clean energy technologies from renewable energy sources. Hydrogen is a promising clean
energy source with the potential to replage reduce the reliance on hydrocarbon fuels and
thermomechanical engines. Although hydrogen is produced frommemenvable feedstocks such as
natural gas, it can also be produced from renewable energy ssuateas wind, solar, hydro and
biomass. As anxample, hydrogen produced via the electrolysis of water by using electricity
generated from the renewable energy sources is free of any impurities and carbon dioxide emissions
at the point of use. Due to these advantages, hydrogen is an ideal fuel fopidgvefficient energy

conversion technologies such as fuel cefls

Proton exchange membrane fuel cells (PEMFCs) use hydesgierel byoxidizing it to form protons

at the anode which are transported to the cathode where they participate in the reduction of oxygen to
form pure water ashe only byproduct. Therefore, PEMFCs are considered sustainable energy
conversion devices when operating with hydmgfrom renewable resources and forming
environmentally benign products at the end. However, sefagt@rssuch as performance, cost and
operational durability must also be considered for the widespread commercialization of PEMFCs. The
most expensive papf PEMFCs is the catalyst layer at each electrode that makes up to 55% of the
total PEMFC stack cost The strong reliance on expensive noble metals consisting of platinum
nanoparticles dispersed on a high surface @aeaon support (Pt/C) is principally responsible for the

high cost of PEMFC system®ne of the primary reasons for this reliance on platinumtlaadigh

cost of PEMFC arises from the oxygen reduction reaction (ORR) at the cathed® itsvery

sluggis kineticscompared tahat of theanodic hydrogen oxidation reaction (HORhus,relatively

high loadingof platinum catalysbn the cathodés required In fact, the slow kinetics of ORR: the

cathock leads to severe voltage logs activation losshat limit the overall performance of PEMFC
during operation. Thus, the development of effective cathode catalyst materials is very important in
order to enhance ORR kinetics and mitigate voltage losses in PEMFC devices. Furthermore, the
challenges assoced with the physical, structural and chemical degradation due to the harsh

potentiodynamic and oxidizing conditions of fuel cell operation is of high interest for long term
1



operation of PEMFCs. If not overcome, these challenges will limit the acceptahedtiattiveness

of PEMFCs due to their short operating lifetimes.

The specified targets for the cost and durability of transporthtised PEMFCs at the stack level set
by the US Department of Energy (DOE shown inTable 1-1. Also included are the requirements
for the total amount of electrocatalyst and their nrizessed activity (per unit platinum).

Table 1-1 US Department of Energy specified status and target for PEMFC

Targets
Characteristics Units 2011| 2020
Power density wlLt 400 | 850
Specific power W kg™ 400 | 650
Cost $kw 49 | 30
Durability hours 2500 5000
Pt groupmetal total loading mgcni*-electrode areq 0.15 | 0.125
Mass activity Amg-Ptat0.9 Vree | 0.24 | 0.44

Therefore,the aforementionedhallengeswith ORR electrocatalysts highlight the need to develop
innovative material solution®r the development and commercialization of PEMFC systéimze
common approaches are takarresearchstudiesto simultaneously redudée platinum content and
increase stabilityThese include the development of: (ipique platinum catalyst supportéi)
extended surface platinum nanostructimesh as nanowires/nanotupasd (iii) nonplatinum group
metal (noAPGM) catalystslt is quite possible that advanced electrocatalyst solutions will comprise a
combinationof these approaches. Thereforeeirgive research efforts, such as those reported within

this thesis, are highlywarranted for PEMFC implementation.

1.2 Objectives of this work

The approaches to meet the particular project objectives will include the development and
investigation of platinuncatalyss supported orunique and advanceleteroatorrdoped carbon

materialsThe main objectives include:



1. Development of unique sulfur doped graphene (SG) materials to support platinum nanoparticles
(P/SG)

2. Apply SG materials to grow advangadtinum nanostructures such as Pt nanowires (PtNW/SG)

3. Optimization of SG supported Pt nanowire catalysts as a function of sulfur concentration and
investigation of sulfur influence on catalytic performance

4. Development of sulfur doped CNT-CINT) maerials to support Pt nanowire catalysts (PtNW/S
CNT) for further catalytic improvement.

1.3 Thesis outline

As already seen, Chapter 1 consistsaofintroduction relevant to théhesis work and the overall
project objectivesDetailed background information ®#EMFC systems including history, types of

fuel cells and their applications, structure and operational principles, challenges associated with
PEMFCs and electrocatalyst technologies will be provided in Chapter 2. In Chapter 3, a detailed
descriptionof sypport material synthesis, platinum nanoparticle depositionpdaithum nanowire
growth, physicochemical and electrochemical characterization techniques along with the theoretical
principles, operation andeir application to this thesis will be discuss&te results and discussion

of the research activities are includeddinaptes 4-7. Chapter 4describeghe development of unique

SG materialsand their use as platinum nanoparticle supp&tsapter 5 focies on the growth of
platinum nanowireson SG bya simple and facile surfactafiee solvothermal techniqu&he
structure and electrochemical activity of these materials are carefuibjdated and discussed
Further investigation and challenges associated withaf@ddressed by developing variou& S
materialsby changing the amount of sulfur in SSEipported platinum nanowire catalysts. Detailed
results and discussiareprovided in Chapter 6. The beneficial impact of extended platinum surface
supported by onrdimensionalS-CNT are carefully inveggiated and reported in ChapteiFhally, all

the results reported within the thesis are summarizgedChapter 8. Chapter 9 provides

additional/supporting information associateith thevarious projects accomplished in this thesis.
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2.1 History of Fuel Cells

Fuel cells produce electricity directly by converting chemical energy of reactants into electrical
energy through electrochemical reactions. The concept of fuel cells originated with Sir William
Grove in 1839 who demomated that electric currenbuald be produced between two Pt strips by
placing them in separate bottles containing hydrogen and oxygeweét®talso filled with dilute
sulfuric acid. However, it was only in 1889 when this idea was first applied by Ludwig Mond and
Charles Langer who constructed the first practical fuel cell device using industrial coal gas as the fuel
and air as the oxidant. Hewer, practical implementation of fuel cells was not possible due to poor
understanding otheir principles, unreliable fuel resources and the requirement for expensive
catalysts. Therefore, fuel cell research focused on laboratatg studies to furthethe basic
understanding of the process and solve the associated problems. In 1932, Francis Bacon produced a
fuel cell containing an alkaline electrolyte and a nickel electrode based on the previously proposed
concept of Mond and Langer. General Elect@E] produced the first proton exchange membrane
fuel cells (PEMFCs) in 1950 that were used by NASA for the Gemini and Apollo space projects. In
recent years, the interasftthe research community in PEMFCs for sustainable energy production has
grown draméically due to the huge consumption of fossil fuels and increasing concerns about carbon

dioxide emissions.

2.2 Types and Applications of Fuel Cells

In a PEMFC, the anode and cathode are separated by an electrolyte and hydrogen or hydrocarbons are
used as fueo be anodically oxidized, while pure oxygen or air is cathodically reduced. Regardless of
the type of charge carrier in the fuel cell, the liberated electrons at the anode pass through the external
circuit to the cathode. Thus, due to the differencehiemical potential, electric current is obtained

when a load is applied. The most common typefs fuel cells with their intrinsic operating

characteristics are shownTable 2-1.



Table 2-1 Characteristics of five major types of fuel cells

Characteristics PEMFC PAFC AFC MCFC SOFC
Electrolyte Polymer Liquid H3PO4 | Liquid Molten Ceramic
membrane KOH carbonate
Charge carrier H* H* OH CO” o”
Operating 80°C 200°C 60-220°C | 650°C 600-1000°C
temperature
Catalysts platinum platinum platinum Nickel Perovskites
(ceramic)
Cell components | Carbon based | Carbon based | Carbon Stainless Ceramic
based based based
Fuel compatibility | H,, methanol H, H, H,, CH, H,, CH,, CO
Applications Electric utility, | Electric utility, | Military, Electric Electric
portable power| transportation | space utility utility,
transportation auxiliary
power

2.2.1 Proton exchange membrane fuel cells (PEMFCs)

PEMFCs contain a polymer membrane that allows transport of protahe tcathode after being
produced at the anode by hydrogen oxidation. These protons then participate in the oxygen reduction
reaction and produce pure water as the onipitmguct. The polymer membrane (ionomer) which is

very thin (thickness of ~ 20 um) ésucial for PEMFCs to achieve high power density. The operating
temperature of PEMFC also has a significant impact on the durability of polymer membranes due to
the effects of thermal degradation. The commonly used Nafion membranes made from perfluorinated
sulfonic acid (PFSA) can operate at temperatures below 100°C and provide excellent proton
conductivity. Moreover, PEMFCs are scalable, versatile and can be applied for a wide range of

stationary, portable and transportation applicatiorihe range of 18V to 1 MW.

Direct methanol fuel cells (DMFC) are a class of PEMFGsgusethanolthatis easy to store and
handle as a fuel at the anoded isoxidized in the presence of precious metal catalysts. The
polymeric membrane used in DMFCs is a bit thickemtithose used when hydrogen is the fuel to
avoid methanol crossover, although this lowers efficiency or power density. The class of DMFCs also

includes other fuel cedlsuch as direct ethanol fuel galvhicharemore reliable and promising.

2.2.2 Phosphoric acid fuel cells (PAFCs)

Highly concentrated or pure liquid phosphoric acigR8,) serves as an electrolyte for PAFCs. High
temperature operation (200°C) makes PAFCs more tolerable to CO poisonisg iEtlires less

purification of the hydrogen fuel. The electrochemical reactions are similar to those operating in
5



PEMFCs and also require platintased catalysts. However, the challenges associated with PAFCs
such as an aggressive electrolyte at high temperature, lowgtartd low powedensity must be

considered before being used for practical applications.

2.2.3 Alkaline fuel cells (AFCs)

Alkaline fuel cells use aqueous potassium hydroxide (K@slthe electrolytgenerally as &M
solution operating at temperatures varying from 20 to 9Q9@droxyl ions (OH) travel from the
cathode to the anode in a direction opposite to PEMFCs. The electrochemical reactions involved in

AFCs are as follows:

anode: H+ 20HY  ,DH2é (2-1)
cathode: @+ 2HO + 4éY 4 OH (2-2)
overal: 2H+ O, Y O H (2-3)

The theoretical energy efficiency of these fuel cells is 83% with a thermodynamic cell voltage of 1.23
V at 25°C. Oxygen reduction kinetics is faster in alkaline solution than in acidic medium where
PEMFCs opmate. Despite many advantages, the main drawback of AFCs is electrolyte poisoning by
CQO; in the air when used as a fuel in anode. However, renewal of the electrolyte or use of pure
oxygen can mitigate the formation of undesired carbonates to make AFCsretiabde during
operation.

2.2.4 Molten carbonate fuel cell (MCFC)

MCFCs operate at high temperature (600°C or highed) soexpensive precious metal catalysts can

be substitutedwith inexpensive nomrecious materials such as nickel. The electrolyte used is
composed of a molten carbonate salt (sodium or lithium) suspended in porous and irsdtinhieta

solid electrolyte. MCFCs have significant advantages over PAFCs in that theheaper, more
efficient and do not require externally supplied hydrogen since they are capable of internal reforming
of coal. Also, MCFG are not susceptible to poisoning by QO@at is transported to the cathode along
with the oxidizer. In fact, COcan ke included in the fuel with gases obtained from coal. However,
startup issues and durability of MCFCs strongly limit their lasgale applications.

2.2.5 Solid oxide fuel cells (SOFCs)

SOFCs make use of ceramic or solid oxide electrolytes such assydiiized zirconia (mostly
used), scandiatabilized zirconia and gadoliniudoped ceria that conduct’Orom the cathode to

the anode. SOFCs operate at very high temperature (up to 1000°C) allowing the replacement of
6



expensive platinum catalystsith cheapperovskites or nickel catalysts. Also, high temperature
operation of SOFCs makes them suitable for combined heat and power (CHP) systems. Despite other
advantages such as low cost, durability, high efficiency, fuel flexibility and low emissions, SOFCs

suffer from slow starup during high temperature operation.
2.3 Thermodynamics and Kinetics of Fuel Cells

2.3.1 Thermodynamics of fuel cells

Fuel cells convert the chemical energy of reactants into electricity. Its energy efficiency can be
defined by theratoof hange i n Gi bh)s tfa etehe neragryge)dpGa t ot al

certain chemical reaction. In the case efd4 PEMFCs which make use of the overall reaction
H,+ 2Q Y oH (2_4)

pGand,aqpHe 1237 and 1287 kJ/ mol e, respectRpvel vy,
and 1 atmPo,. Based on these values, the maximum conversion efficiency that can be achieved is
83% which exceeds thevel possible withany othercurrentenergy conversion devices.

At constant temperature and pressure, the maximum electrical work obtainable by converting the free

energy of the electrochemical reaction is:

0 y— (2-5)

where¢ is the number of electrons transferred &Dis the Faraday constant (96485 C jolBy
using these data, the cell voltage obtained for $##©HPEMFC at tandard conditions is therefor8 E
= 1.23 V SHE. The temperature deperadent the cell voltagdD can be estimated by the following
equation:

0Y O cwyl—"Y couy (2-6)
GiventhatY'Yi s T 16 X' 20 farard H/O, PEMFC operating at 80°Basa valueof 1.18 V

SHE. Again, the relationship between the activity of reactants and products and the Gibbs free energy

can be written as:

S S oo PR

YO YO Y™ £ (2-7)
The cell voltageD of the PEMFC can be related to the activities of reactant andigisothy the

following equation

c
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The temperature and activity dependencies of the cell wottag be combined to yield:

T

LY oy —ae— (2-9)
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where0 is the standard pressure (1 atm).

2.3.2 Kinetics of fuel cells

Butler-Volmer equation can be employed to describe the kinetics of the electrochemical reactions
associated with fuel cells. The relatibips between the current densitf(A cm' %) for a halfcell
reaction and the overpotentialV) is as follows:

Q QQuwr—- Qwn —-— (2-11)
The kinetics for each reaction occurring at an electrode in a fuel cell can be described by its own
ButlerVol mer equati on. The overpotential d is the
and the equilibrium potential for the given hadfll reaction and is a measure of the deviation from
the reaction equilibrium. When a halll reaction is at equilibrium, it proceeds in the anodic
direction at the same rate as it does in the cathodic direction. The exchange current@g@hsity
cm § is the current density corresponding to this rate when the electrochemical reaction is at
equilibrium. The exchange current density is an intrinsic property of electrode materials and is used
as an important tool to measure the activity ohtalyst for a certa reaction. In the above equation,
| is the transfer coefficient and is related to the inverse of the Tafel sj@pet & ¥ | "Oand can
be obtained experimentallyThe transfer coefficient is an important parameter to evaluate the

mechanism of an ettrode reaction.

Under typical operating conditions, the magnitude of the overpotential at each electrode is larger than
0.1 or 0.2 V. In this situation, the rate of the backward direction of the reaction at each electrode
usually is negligible compared the rate of the forward direction and the Butfetmer equation for

the reaction at each electrode can be simplified as follow:

Q% Q0 H—-— (2-12)
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Q Qo — - (2-13)
Some of the parameters in the expressions are identified with substaiptioto signify that they
are associated witthe anodic and cathodic reactions, respectively. An example of pl&saofi"Q
versusthe overpotential is presented figure 2-1a. The effect ofQ on the electrode response is
shown inFigure 2-1b and reveals that an increase in the exchange current density leads to a higher
current density at a given overpotential. Equatidh$?) and 2-13) can be rarranged to give the

so-called Tafel equations for the anodic and cathodic reactions:

aé 9 (2-14)
h

_ 8 a¢ iaf (2-15)
Semtlog plots of'Qand “Q versus the overpotential according to Equatidid4) and 2-15) are

shown inFigure 2-1c. The slopes of these plots are known as the Tafel slopes and are given as
8

and for the anodic and cathodic reactions, respectividlg magnitude of the Tafel

slope for the ORR typically has a value in the range of 0.04 to 0.12 V/dec depending on the reaction
mechanism, electrode material, structstaface conditionrad temperature. It should be noted that a
decrease in the Tafel slope leads to an increase in the current density and improvement in fuel cell

performance.
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Figure 2-1 Diagrams depicting (ak vsd (b) the effect ofy(=J) (¢) determination oify (=J;) andb.



2.4 Introduction to Polymer Electrolyte Membrane Fuel Cells (PEMFCs)

2.4.1 Structure of PEMFCs

PEMFCs were first developed by General Electric in the early 1960s as an alternative to alkaline fuel
cells. PEMFCs are very attractive for low temperature operation, more environmentally benign and
more efficient compared to other fuel cell technologiEgyure 2-2 shows the three major
components (anode, cathode and membrane) of a typi¢@,-bhsed PEMIC. The polymeric
membrane sandwiched between the two electrodes is capable of conducting protons from anode to
cathode. A catalyst layer based on platinum is used in both the anode and cathode in order to
accelerate the electrochemical reactions at tegfate between the membrane and electrodes. At the
anode, the protons generated by the splitting .oflifluse across the membrane to the catalyst layer

in the cathode and combine with @ produce pure water only. At the same time, the transport of
eledronsfrom anode to the cathode in the external circuit generates electricity.

The mat commonlyused polymer electrolytenembrane igperfluorinated sulfonic acidPFSA),
developed by Dupont and consists of a tetrafluoroethylene backbone with perfluorovinyl ether side
groups terminated by sulfonate moieties. The chemical structure of the Nafion membrane is also
included inFigure 2-2. The sulfonated groups in this mateaa¢ responsible for conducting protons

by the hopping mechanism. At the same time, the membrane prevents the passage of electrons and

any short circuit recombination of protons and electrons from occurring.

Catalyst surface area is a key factor to obtlagnmaximum current by enhancing the electrochemical
reactions in the electrodes. Thus, Pt nanoparticles with high surface/volume ratio are utilized in order
to increase the surface area and minimize the required amount and cost of the catalyst. @n the oth
hand, the high surface energy of Pt nanoparticles tends to cause them to aggregate and reduce their
surface area significantly over time. To overcome this aggregation problem, high surface area carbon
is used to disperse and stabilize Pt nanoparticldg@ provide highly conductive channels between

the catalysts and the current collector. Catalyst materials are usually dispersed in a highly porous
carbon paper known as the gas diffusion layer at both the anode and cathode. Normally, the two
electrodesand the membrane are combined together in a single unit called the membrane electrode
assembly (MEA). The MEA is then sandwiched between two bipolar plates which are made of
carbon, graphite or stainless steel due to having their distinct mechanicaltipsypelectrical

conductivity and corrosion resistivity. These bipolar plates must meet a number of important

10



requirements: satisfactory electrical conductivity, mechanical strength to maintain the intrinsic shape

and structure of the fuel celhdfast ranoval of the waste heat produced by the fuel cell reactions.

The reactions involved in a,}D,-based PEMFC are as follows:

Anode: HY  2Ré E°= 0V vs. RHE (2-16)
Cahode: Yo r2H + 2 Y O F=1.229Vvs. RHE (2-17)
Overall reaction: H+ QY 30 E°=1.229 V vs. RHE (2-18)
-
A%

0,+H*+4e’=2H,0

0,
é Hzo and 02

Anode membrane Cathode

Figure 2-2 Schemdt diagramof a H/O, PEMFC.
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Figure 2-3 Chemical structure of Nafion(R) membranes used in PEMFCs.

2.4.2 Challenges of PEMFCs

Although H/O, PEMFCs have a theoretical cell voltage of 1.229 V, the voltages observed during
operation are always significantly lower than this value. This is due to irreversible voltage losses
during operation. Typically, the most significant loss is attributedow shthode kinetics associated

with the ORR. The HOR at the anode proceeds with a high exchange current deb8itpA3cn j

and so causes only a very minor loss (<10 mV) to the cell voltage. On the other hand, the exchange
current density of the ORR Iswer (0.51.5 mA cm § and so leads to significant activation losses
(approximately 300 mV)Figure 2-3 presents a typical polarization curve for a PEMFC highlighting

the different losses and indicating that ORR kinetics contributes 70% of the tota Wissm

operating fuel celf.
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Figure 2-4 A typical PEMFC polarization curve, showingrdributions of losses.

As shown inFigure 2-3, the losses in cell performance can be divided into the following regions as
the operating current is raised: (i) mixpdtential losses, (ii) activation losses primarily due to

cathode reaction kinetic§ii) ohmic resistance and (iv) mass transport limitations.

Mixed potential losses: The opercircuit voltage (OCV) of 1.15 V at 80°C is lower than the
reversible value of 1.23 V D, due to mixed potential losses related to fuel cm&s, short
circuiting and oxidation of the catalyst materials in the cathode. Possible secondary reactions that

occur at the cathode and lower the OCV are described below:

1. Cathode oxidization can occur due to a slight permeability of the PEM electrolytegés Hr his
enables some Ho cross over to the cathode where it can oxidize due to the high potential and
thereby decrease the overall cell potential by-9@5mV. Obviously, membrane thickness and
permeability have a large effect on the decrease in OCV.
2. Reversile adsorption of oxygenontaining species at the surface of the catalyst at the cathode can
lead toareaction betweeRtandPtO and losses of ~AB0 mV:

Pt+ H,0 = PtO+ 2H" + 2¢€ (2-19)

(i) Activation loss: Activation losses arise from limitations to the kineticstloé electrochemical
reactions of the electrodes. As mentioned previously, sluggish ORR kinetics at the cathode is the most
important ad detrimental cause of the voltage drops in a PEMFC. The exchange current density of

thisreactionisonlyO.5tol.5mA&ﬁ1As a resul t, the ORR exhibits
13

a



even in the presence of the most activddded catalysts. Thuspnsiderable scope exists to design
effective nanostructured catalysts on advanced carbon materials in order to reduce the voltage losses

and so is a primary objective of the research community.

(i) Ohmic loss: The ohmic losses in PEMFCs arise from thek electrical resistancef the cell
materials, cell connections (bipolar plates, catalyst layers, current collector cables etc.) and the
resistance to Htransport in the polymer electrolyte. By using appropriate materials including
electrode structuresith high conductivity, these losses can be maintained small.

(iif) Mass transport limitation= In this situation, the rate at which reactants are replenished at the
electrode surface cannot keep pace with the rate at which they are consumed by the electrode
reactions. When this limitation becomes severe enough, the surface concentration oftainé ireac
driven to zero and the current density reaches a limiting value. No further increase in current is
possible under the given operating conditions. Reactant concentration, feed flow rates, cell
temperature and the structure of the gas diffusion atalyst layers are the primary factors that

influence mass transport and determine the limiting current density of a PEMFC.

2.5 Electrocatalyst Stability Limitations

Activation voltagelossat the cathode due to sluggish ORR kinetics is perhaps the mosgicsign

and critical problem preventing widespread commercialization of PEMFCs. Thus, catalyst materials
have a direct impact on the activation voltage loss and the overall performance of PEMFC devices.
The current status of electrocatalyst technology ngiso relies on very expensive platinum
nanoparticles that are well dispersed on a high surface area carbon support, commonly known as Pt/C.
Besides the high cost and the slow rate of the ORR, another challenge for operating PEMFCs is their
durability due ¢ the limited stability of platinum catalysts. The combined effects of potentiodynamic
cycling, startup and shutlown, the nature of the polymeric membrane, humidity and elevated
temperature create a harsh environment for the electrocatalyst and caleggatation and loss of
performance loss over time. The specific reasons for the degradation of the Pt/C electrocatalyst are (i)
carbon corrosion, (ii) platinum nanoparticle dissolution and/or agglomeration and (iii) catalyst

contamination and poisoning.

The oxidation/corrosion of carbon is thermodynamically favoured under normal operating conditions

with a standard equilibrium potential of 0.207 vs RHE.
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C+2H,0Y CO,+ 4H + 4¢ (2-20)
Although the cathode potential is normally high enough to drive direct oxidation/corrosion of carbon,
platinum has been found to catalyze carbon oxidation. Humidity, temperature and the amount of
carbon also influencearbon corrosior . Obviously, ceébon corrosion is very detrimental towards
the long term operation of fuel cells and must be mitigated. The most common approaches
investigated in recent research to slow down carbon corrosion have been to replace the traditional

carbon black with highlygphitized carbon such as graphene or carbon nanotubes.

The dissolution and/or agglomeration of platinum nanoparticles play a key role in degrading PEMFC
performance. Since platinum nanoparticles are verylsmadize (23 nm), they have very high
surfaceenergy that promogemigration and agglomeration into larger particles to reduce the surface
energy. This phenomenon is known as Ostwald ripening and can occur via the following pathways:
(i) migration of platinum ion through the ionomer layer in the lgataand (ii) platinum dissolution

and subsequent deposition on neighboring parti€ligsire 2-4 shows TEM images of Pt/C in fresh

and used states providing clear evidence of platinum agglomeration after 200 hours of operation in a
10 cell PEMFC stack Several techniques studied to overcome this detrimental phenomenon are (i)
design and development of unique support materials that can strongly tether to platinum nanoparticles
and inhibit their dissolution and agglomeration (ii) fahtion of controlled and more stable platinum

nanostructures such as nanowires.

15



Figure 2-5 TEM micrographs of the fredpt/C catalyst (a) and the degealdcatalyst after 200 hours

2.5.1 Nano-structured carbon supports

The main objective in PEMFC development is to reduce the cost and improve the performance and
durability of materials. Design of improved carbonaceous electrocatalyst supports is one of the
approaches to achieve these goals. It is well knownstigported metal catalysts exhibit superior
activity and stability than unsupported metal catalysts. An ideal support should possess good
electrical conductivity, good catalystipport interaction, large surface area, ability to maximize the
triple phase bondary, good water handling capability to avoid flooding and good corrosion resistance
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° Thus, the choice of support material is very important in determining parficendurability and

cost effectiveness of the catalysts and the overall fuel cell performance. Traditionally, highly
conductive electrocatalyst suppohave beerbased on carbon blagkvith high surface area such as
Vulcan XG72R (Cabot corp. 250 frg?), Shawinigan (Chevron, 80°ng™), Black pearl 2000
(BP2000, Cabot corp. 1500°my™), Ketjen Black (KBEC600JD & Ketjen International, 1276 git

and 800 g™, respectively) and Denka Black (DB, Denka, 65g).

Carbon blacks, especially VulcaxC-72R, are the most widely used suppddr platinum and
platinum alloy catalysts in fuel cells and are produced from the pyrolysis of hydrocarbons. Carbon
black (CB) particles are nearly perfectly spherical in shape with a size < 50nm and grow to
approxmately 250 nm when they aggregate and agglomerate. CB has a polycrystalline structure
consisting of several turbostratic layers with an interplanar spacing eD@85m. The process of
thermal decomposition and the source material greatly affect thiphology and particle size
distribution of CB". Despite having a high surface area and being a widely used support material, the
use of CB suffers from a number of problems: (i) the presence of esgdfuo impurities, (ii) deep
micropores whichrap the catalyst nanoparticles and make them inaccessible to reactants leading to a
reduction of catalyst activity and (iii) thermochemical instability leading to the corrosion of CB which
is severe and the loss of active catalyst material from the surféiee interaction between the
Nafion®™ ionomer and the catalyst nanoparticles is affected by the CB pore size and distribution.
Since the typical size of Nafih micelles (> 40 nm) is much larger than that of CB micropores,
many metal nanoparticles ireaesses or micropores become inaccessible to the electrolyte and
therefore make no contribution to the electrochemical activitis Tias led to research into a
multitude of materials other than carbon blacks as support materialsuwitjue and stable

nanatructure as discussed below.

Mesoporous carbonMesoporous carbon materials are a class of porous carbon materials that have a
high electrical conductivity and high surface area with pore sizes in the randg®2xm. Two types

of mesoporous carbon ekisased on the structure and method of preparation. The first one is ordered
mesoporous carbon (OMC), while the second is disordered mesoporous carbon (DOMC) which has
an irregularly interconnected structure and thus a lower conductivity and wider pokssiibution

than OMC. OMCs are generally prepared by using ordered mesoporous silica or triblock copolymer
template structure¥. The structure of the carbon support determines the access of reactants to the

catalytic sies and the removal of the products which have strong effects on electrocatalyst
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performance. OMCs have very interesting morphological structures with high surface area and three
dimensionally connected moitispersed mesopores which help to facilitatediffesion of reactants

and byproducts. OMCs also contain some surface oxygen groups that improve the interaction
between the catalyst and suppanid so improveatalyst dispersion. Many researchers have shown
that platinum nanoparticles supported on cedenesoporous carbon such as GBIkxhibit superior

ORR activity due to the uniformly dispersed nanoparticles, more electrochemically active sites and
higher electrochemical active surface are@®RR activity improvement was attributed to the highly
ordered structure and good 3D interconnection of the hexagonally arranged carbon nanorods that
enable igher catalyst utilization. Pore morphology, pore structure and surface chemistry were also
deemed to play key rol€s. As an example, platinum supported by ordered mesoporous carbon
CMK-3 has been found to be a promising catalyst for alcohol oxidation in DMEurface
functionalization or modification and doping of OMCs can algnificantly improve electrocatalytic
activity, stability and resistance to fuel crossover.

Graphene:Graphene is a flat monolayer of hexagonally arranged carbon atoms tightly packed into a
two-dimensional (2D) honeycomb latticE. This material has been widely studied for many
applications including fel cell catalyst suppatdue to its high electron transfer rate, large surface
area and high conductivily. Catalyst nanoparticles can interact with the edge and basal pfahes

2D planar carbon sheets. Since these sheets are actually rippled, they have a very high surface area to
strongly attach to catalyst nanoparticles. Graphene enables very fast electron transport that facilitates
the ORR in fuel cell$’ and has a band gap equal or close to Zerdigh quality graphene can be
synthesized by micromechanical exfoliation, epitaxial growth and CVD. Among the synthesis
procedures, CVD #s distinct advantages for obtaining highly exfoliated large surface area graphene
from graphene oxide (GO). The GO used is normally obtained by the modified Hammers method and
then placed inside a furnace for annealing at high temperaturel (BUT) in the presence of Ar.

The catalytic properties of graphene can be further improved by doping with heteroatoms such as

boron, phosphorous, nitrogen or sulfur to provide more active sites and tuning their balid gaps

Carbon nanotubes (CNTs):CNTs are D nanostructures generally formed from rolled up single
sheets of hexagonally arranged carbon atoms. CNTs can besailgld (SWCNT) or multwalled
(MWCNT). Depending on the synthesis procedure and desired properties, SWCNTs or MWCNTSs are
used as carbonanostructures for application as catalyst supports in fuel 2elBVCNTSs tend to

provide more surface area while MWCNTs are usually moredwdive. MWCNTs can have
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diameters of a few tens of nanometers with a spacingD@&4 nm betweeithe cylindrical walls.
However,sinceCNTs are chemically inerit is difficult to attach them to catalyst nanoparticles. To
solve this problem, it is necesy to functionalize the surfaces of CNTs, for example, by the use of a
strong oxidizing agent in order to make the surface more hydrophilic and improve the catalyst support
interaction®’. The use of CNTs assupport material enables better catalyst nanoparticle dispersion,
controlled size distribution and selective morphologies. CNTs are strongly resistant to canasion
allow good catalyst activity to be maintained for longer periods of fuel cell operation than that
possible using commercial carbon bldékMoreover CNTs can also be doped with heteroatoms in
order to alter and improve their intrinsic catalytic properties.

Carbon nanofibers (CNFs):Carbon nanofibers (CNFs) have also been extensively studied as
promising supports for fuel cell catalysts Unlike CNTs, CNFs haveithera very thin or no hollow

cavity and are much largehan CNTs with diameters as high as 500 nm and lengths up to a few
millimeters. Three types of CNFs have been obseirvedbontlike, platelet and herringbone CNFs.
Herringbone CNFs show very promising activity and durability compared to the other typl&of

Although CNFs have lower surface area and pore volume than carbon black, they display better
catalytic activity . Moreover, they can be functionalized or atiEhted to improve their
performance as a support material. The most important difference between CNTs and @MdFs

only edge planes are exposed in the case of CNFs, whereas the basal plane is primarily exposed in the
case of CNTs. The much larger area associated with the basal plane makes CNTs a better choice as a

catalyst support for fuel cell applications.

2.5.2 Doping of nanostructured carbon materials

The introduction of heteroatoms such as B, P, N and S into nanostructured carbon frameworks is very
effective in modifying thi electrical properties and chemical activitf@$®. Recent studies have
showvn that Ndoped carbon materials such as CNTs, graphene and mesoporous graphitic arrays
exhibit high catalytic activity, long term durability and excellent methanol tolerance. Furthermore,
these materials are relatively inexpensive and environmentallydiyie The excellent catalytic
activity toward the ORR has been attributed to the areas of positive charge density on adjacent carbon
atoms due to the electronegativity of N (electronegativity of N: 3.04) which is favorable,for O
adsorption. Moreover, caoh materials doped with B and P (electronegativity of B: 2.04,
electronegativity of P: 2.19 respectively) also showed pronounced catalytic activity. On the other
hand, Sdoped carbon materials have rarely been investigated for catalytic applic&tidhss
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important to note that the electronegativity of S is close to that of carbon (electronegativity of S: 2.58
and electronegatiwitof C: 2.55). The introduction of S atoms into nanostructured carbon materials
stabilizes their structure and improves their electrical properties significantly. It was found that the
formation energy for Sloped SWCNT is at least 0.7 eV larger than itddged counterpart and the
formation energy can even be increased to 1 eV for graphene veitlsS8tutional defects®.
Therefore, these materials may be effective as catalyst support materials in fuel cells by adjusting the
amount of S incorporated to modulate the electronic properties of the sheets and using S atoms to
anchor platinum nanoparticles or nanowires. Duése potential benefits;dped graphene and S

doped CNTareextensively investigated throughout this project.

2.5.3 ORR electrocatalyst technologies

The potential uses of uniquieeteroatom doped namstructured carborsupportsfor platinum

nanostructures shasnanoparticles and nanowires, are discussed in the following section.
() Platinum nanoparticles supported on Sdoped grapheng(Pt/SG)

As stated previously, support materials have direct impact on the ORR and so the selection of suitable
support mateals is very important to obtain the highest catalytic activity and stability. The properties

of an ideal support include high surface area, excellent electronic conductivity, chemitiy,stab
favorable catalyssupport interaction and strong cohesivent to the active materials. Support
materials also affect the interaction with the ionomer in the catalyst, electrode architecture and
properties. In order to achieve favorable nanostructures, the factors leading to the formation of triple
points, excellat mass transport of reactants, proper catalyst nanostructure are of great ihterest
Surface properties of the support materials directly influence the utilization of platinum materials and
good dispersion of platinum nanoparticles. In general, platinum nanoparticles are deposited onto a
support by chemical reduction. In this madh chloroplatinic acid hexahydrate is reduced by ethylene
glycol or sodium borohydrate to form nanosized platinum meaalicles The high density
electrons in the carbdmased support material provides necessary anchoring sites for nucleation and
growth of the platinum nanoparticlé§ Commoncarbon supports used in Pt/C often do not exhibit
satisfactory stability and therefore new and improvadfigurations are required to obtain the desired
PEMFC durability. Furthermore, the cohesion between platinum and the support material should be
strong enough to hinder platinum migration, agglomeration and dissolution that geshibethe

material durhility. Moreover, the interaction energy between platinum and supdtetts the

strength ofthe tetheing of platinum tothe support.Thereby, itshould bepossible to tailor PEMFC
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performance by developing novel catalyst support materials with favorabjsicochemical

properties and catalystpport interactions.

Graphene has recently emerged as a highly promising catalyst support material for PEMFC
applicationsdueto its immense surface area, excellent conductivity and electron transfer capabilities
that are important criteria pertaining to electrocatalysis Graphene is theoretically composed of

only graphitic carbon atoms which can provide added resilience against carbon corrosion during
PEMFC operatiori® However, the relatively inertand hydrophobic nature of its surface does not
culminate in facile Pt depositiomnd so it must bedunctionalizd to obtain well dispersed
nanoparticles and overcome stability limitatidhisTo this end, nitrogedoped graphene and other
graphitic carbons have been extensively developed and investigated for fuel cell catalyst applications,

either as standlone ORR electrocatalysts in aline medid®*°

or as Pt nanoparticle supports under
acidic (i.e. PEMFC) coritions*”*® The presence of nitrogen dopants has been reporjerote
the tetheing of Pt nanoparticleshenefitingboth catalyst activity and stabilit? **. While density
functional theory(DFT) simulationshave been carried out tovestigae the adsorption and binding
interactions between Pt and either nitrogand borordoped graphene or CNT%°® a fundamental
understandingf the interaction betweerPt and heteroatonrdoped graphene catalystupport and
their associated impact on ORR performance and operational stab#ityl lacking Furthermore,
the impact of graphene dopedithv various other heteroatoms.de sulfur) remains largely

unexplored despite their high potiah for applicationssuchas ORR catalys ** %

or catalyst
support materiafs. The ducidation of these important considerations can be provided by linking

fundamental computational simulations witktailed experimental investigations.

(ii) Platinum nanowires supported onS-doped grapheng(PtINW/SG)

Onedimensional platinum nanowires have uniqgue morphology and distinct advantages with respect
to ORR activity and stability. Ultrathin platinumanowires possess unique photonic, electronic,
magnetic and catalytic properties. The anisotropic nature of platinum nanowires enables superior
stability in fuel cells compared to zedimensional platinum nanoparticles. The distinct properties of
platinum nanowires include (i) high catalyst utilization due to enhanced reactant/product mass
transport properties, (ii) high aspect rasiod (iii) micrometerscale length that mitigates platinum
dissolution and agglomeration due to lower surface energy retatitbet of platinum nanoparticles

6264 The synthesis of platinum mawires is based on the use of templates or subssath as

biomaterials, carbon nanotubes, block copolymers and other mesoporous materials to guide the
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growth and formation of nanowires. However, the requirements for template removal andpscale
hindeg the use of platinum nanowsein commercial applications and thereforereate great
challenges for the direct synthesis of platinum nanowire. Although researchers have shown that
surfactant or ligandassisted solution methods are effective at syntimgsigingle crystal ultrathin
noble metal nanowires, it is very difficult for platinum to grow directly into-dimeensional single
crystalline nanowires having high aspect mtathout using templates or substrates. Despite this
difficulty, some resear@rs have been able to show that a facile, highly reproducible and scalable
solvothermal technique can synthesize nanowires without stabilizers and terfipfatdsis facle
surfactantfree method isutilized for the direct growth oPt nanowireon SG materialsin this way,

the combined properties of nanostruetl platinum andhe supportmaterialseffectively fulfill the
activity and stability requaments of the catalysts

(iii) Platinum nanowires supported on SdopedCNT (PtNW/S-CNT)

The superiority ofSG as a support for platinum nanoparti¢tesowireshasbeen already discussed

in the previous sectiol.he beneftial impact of 1D platinum nanostrures can be further extended

using 1D carbon nanotubes (CNTSCNTs possesattractive mechanical, electrical and thermal
properties,which can help to significantly improvethe ORR activity and stability. However, the
properties of CNTs can also be tuned by doping with sulfur. Therefore, an increase of the number of
sulfur sites should introduce more anchoring sitestii@r platinum nanowires that can qwide

benefits in terms aheelectrochemically active surface area availability and platinum utilization.
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The specific methods used to synthesize and characterize the materials througpooiette are

discussed below:
3.1 Fabrication Techniques

3.1.1 Chemical based techniques

Chemicalbased synthesis techniques comprise a broad range of procedures used to synthesize
various class of materials ranging fromanocarbon material$o ultrathin platinunfruthenium

nanowires’.

3.1.2 Chemical vapor deposition (CVD)

In general, chemical vapor deposition (CVD) is a process vilyeassolid material is deposited from

a vapor phase ¢m the surface ofa heated substrate or material of interest. By changing the
experimental conditions such as substrate material, temperatunpposition ofthe reaction gas
mixture or ratio of precursors, pressure, gas flow rate etc., materials with various properties can be
obtained. CVD is an excellent technique that enables the formation at high temperature of a high
surface area aterial suclas SG/SCNT which can serve as a reliable and stable support material for

platinum nanostructured catalysts.

3.1.3 Platinum deposition

Platinum nanoparticles deposited orfi@s has been synthesized and evaluated in shisly
Typically, platinum nanoparticlesrex deposited using ethylene glycol since this method is very
simple, reliable and uses ntoxic materials. Briefly, 80 mg of catalyst support are ultrasonically
dispersed in 60 mL of ethylene glycol and mixed with a magnetic stirrer for at least 1hthaffet

mL solution of HPtCk.6H,0 are added into ethylene glycol (5 mg Pt hsolution) to achieve 20%

Pt in the final crystal material. In order to maintain pH >10, several drops of 2.5 M NaOH are added
to the solution and then the contents are heatedtGC for 4 h under reflux conditions. Finally, a

few drops of 2M HCI are added to adjust thetpt3-6 before filtering the solution and collecting the
solids. The final step is to wash and dry the solids in an ovemightat 70C for subsequent

characterization and evaluation.
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3.1.4 Solvothermal synthesis of extended platinum nanostructures

The ®lvothermal technique involves tteynthesisof materials by using an organic solvent for the
precursors that are subjected to high pressure and temperatndeinto obtain materials with a
controlled size and shape distribution and crystallinity. The properties or characteristics of materials
can be altered by varying certain experimental parameters such as reaction temperature, reaction time,
precursor typgesurfactant type and solvent type. In this technique, the precursor solution is loaded
into a Teflonlined sealed autoclave vessel and fastened securely before placing it in an aven at
specified reaction temperature for a given duration. Solvotherm#iesis techniques are capable of
producing a wide range of mtmmials such as SG/SNT, platinum nanowires and cobalt selenide

nanosheetstc
3.2 Physico-chemical characterizations

3.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a usekghhique to investigate the topography and
morphology of micre and nanestructured materials. This instrument uses a powerful beam of
electrons (produced bgthermionic or field emission technique) to illuminate the sample and then
project images basechahe secondary or baackattered electronsollectedby the detector after
scanning. The spatial image resolution depends on the spot size of the electron beam and the electron
interaction volume and can reach as high as 1 nm. In this project, distimattmetures of the
synthesized catalyst materiadse analyzed using SEM. Sample preparation before SEM imaging
involves the spreading of solid catalyst powder onto a conductive carbon tape that is secured to a
sample holder. This holder is then placedha SEM followed by evacuation of the chamber and

subsequent imaging.

3.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful imaging fmoproducing high resolution

images of samptethat can approachearatomic scale. &nples are illuminated by a high energy
electron beam (200 to 400 kV) that passes through several condensers and then is transmitted to the
sample. Electrons carelscattered elastically or instecally and then collected. Based on diffraction
theory, thesignals from the collected electrons are processed to produce images. TEM is a high
resolution technique which can effectively determine crystal structure, atomic arrangements, exposed

crystal facets and chemical compositions.
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3.2.3 Energy dispersive x-ray spectroscopy

Energy dispersivex-ray spectroscopy (EDX) can be carried out simultaneously avitommon
imaging technique by adding an EDX dete¢toan SEM and TEMunit. When electrons bombard a
material surface of interest;rays are also emitted and cam tollected by th&DX detector. The
energy of the xays and their corresponding intensities are related to the appropriate elemental
identity and quantity in a specific material. Moreover, elemental mapping can aldonkdy
analyzing the xays emittd from localized positions on the sample. Atomic contents depend on the
emitted xray intensities at various locations and can be used to map the concentration of different

elements over the entirety of the sample being investigated.

3.2.4 X-ray diffraction

X-ray diffraction (XRD) is a widespread characterization technique used to determine crystal
structurs based upon comparison with a diffraction pattern database. Gengredly, beams are
emitted from a source (Cu, K, Metc.) anddirected to the sample afiterest. Once these beams
interact with the atoms in the materiatsdiffraction pattern of a specific crystal structure can be
obtained depending on thecidentx-ray wavelengtrandthe spacing between the atomic plaries
crystalline andolycrystalline materials. XRD is capable of determining the average nanoparticle size
and lattice parameter along with the crystal phases. The Scherrer equation can be employed to

estimate the average nanopatrticle size as follows:

0 (3-1)
where d is the average <crystal or nano-marticl e
wavel engtthhe Bf (RId)width at half maxi mum (FWHM) ¢
di ffraction peak. Furthermore, Vergardds | aw car
a:M— (3'2)

3.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) involves the userajxto irradiate a sample and cause the
emission of electrons from its surface according to the photoelectric effect. Thie kimetgies of

these emitted electrons are reflective of their specific binding energies which are characteristic of the
elements from which they are emitted and their oxidation states. Due to the shofteagaath of

electrons, only electrons emittewbin the surface of a sample can escape and make it to the detector.
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Therefore, surface elemental compositions and oxidation state of the elements can be easily
determined by XPS. However, as XPS requires high vacwim 0% milliban, samples to be

investigated must be in solid form.

3.2.6 Raman spectroscopy

Raman spectroscopy is a useful technique to obtain the information on rotational and vibrational
modes in a systenthe Raman effet which issmall but accessible by the use of lasénsolves the
interaction of the monochromatidaser light with the molecular vibrations, photons or other
excitatiors in the samplend theresuling shift inthe energy of the laser photonsigshift in energy
provides information abouthe vibrational modes in a samplén situ analysis of organic and
inorganic compounds can be performed by Raman spectroscopy along with the analysis of gas,
aqueous solutions and solid powders. In this studyndRaspectroscopy is used as an important

characterization tool for the investigation of defect sites in graphene or CNT.
3.3 Electrochemical and Performance Characterization

3.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a potemistatic electrochemical technig used to examine the
electrochemical properties of electrodes. In a cyclic voltammetry test, the potential of the working

electrode is varied linearly between two potential limits with respect to time and the corresponding

current is measured. A typic@V of Pt/C collected at a sweep rate of 50 81Mn N,-saturated 0.1

M HCIO, shows the current response of the working electrode when the potential is swept and cycled
between0.05 to 1.3 V vs. RHERjgure 3-1). Positive current corresponds to anodic eunrt and
negative current represents the cathodic current.
underpotenti al deposition region (fF 0.05 to 0.4 V
RHE) and (iii) Pt oxide formation region (ab@ O0. 7 V v s. RHE) . As the pot
0.05 to 0.4 V vs. RHE during the forward scan, thegueorbed H atoms on Pt surface are oxidized

to form H which desorb from the Pt surface and then diffssiato the electrolyte. When the
potentialincreases (in a potential window above 0.7 V vs. RHE), Pt is oxidized to form Pt hydroxide

or oxide, i.e. PtOH or Pt oxides by the adsorption and dissociation®@f Hno | ec ul e s . Wh e n
potential is decreased to [ thereductidh oRtOHoOorRHE dur i n
oxide occurs With a further decrease of the potential to 0.4 V vs. RHE, the protons in the electrolyte

adsorb on the Pt surface amcreducedvia H underpotential deposition. The Pt surface is free of H
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or OH/H in the potenéil wi ndow of g 0.4 to 0.7 V vs. RHE
current measured in this region is not associated with a faradaic process and instead is associated with
capacitiveeffects due to the contribution from the large surface area catlggoort and anionic
adsorption of the electrolyte. This capacitive current must be subtracted from faradaic currents before
estimating the electrochemically active surface area (ECSA) of platinum from such a CV. The charge
associated with H adsorption desorption is integrated to determine the number of hydrogen atoms
adsorbed in a monolayer of coverage of the electrode surface. From knowledge of the electric charge
density C for each chtovered by H atoms (0.21 m@? Pt), the specific ECSA of Pt fngm™ Pt)

can be determined as follows:

08 "Yo— (33)
where Q is the total integrated charge for H adsorption/désoriCcm? electrode) obtained from

the CV and m is the mass loading of platinum g electrode) .

0.2

00 02 04 06 08 10 1.2 14
E/V (vs. RHE)

Figure 3-1 Typical CV of the commercial Pt/C catalyst.

3.3.2 Half-cell rotating disc electrode testing

Theuse of a haltell rotating disc electrode (RDE) is a simple and effective approach for screening
of electrochemical reactions in electrodes. The electrocatalytic evaluation of catalyst materials is
cumbersome and tireonsuming when it is done on the isast full cell experiments in an operating

fuel cell. A typical threeslectrode cell used in a RDE technique is shown beldvigare 3-2.
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to potentiostat

counter electrode N
reference electrode
gas bubbler
water jacket electrolyte (0.1M HCIO,)
@ 25°C

working electrode

Figure 3-2 Three electrode hatfell system.

In fact, the RDE technique allows the precise control of electrocatalytic activity measurements by
differentiating between effects due to the limited activity of the catalyst and poor mass transport of
reactant gas. The rotation of the working electrode induces corevenass transport to bring the
reactant to the surface of the electrode in a controlled fashion. The intrinsic properties of the
electrolyte and the rotation speed determine the flux of the reacting gas to the electrode surface. The
overall measured cumei is related to the componentassociated with kinetic limitations and the

mass transport limiting currentwhich in turn can be described using the Levich equation to yield:

11 1 o
= + ' . '
i i [0.62077 F i S g% C] oavu

wheren is the number of transferred electromsis the Faraday constam,is the electrode areg&,is
the concentration of thdissolvedelectroactive species(D is the diffusivity of theelectroactive

speciesgi s the kinetic viscosity of eleewstfol yte and 1
known as the Koutecklevich (K-L) plot should give a straight line with aaxis intersect equal to

—. From the measured slope, the number of electrons transferred due to the electrode reaction can be

determined. The obtained kinetic camt (typically obtained at 0.9 V) is significant in terms of the
specific and mass activities of the platinum catalyst. The formerrgfi#t) measures the intrinsic

catalytic value of platinum, while the latter provides the activity normalized to thefaalsttinum.
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In a halfcell RDE test, the three electrodes are known as the working, counter and reference
electrodes. In order to evaluate the ORR, the working electrode is normally coated uniformly with the
catalyst materialTo prepare the working @ttrode, the catalygtarticles are first dispersed in 2 mL

et hanol containing 5¢L (15 wt. %) Nafion solutio
glassy carbofGC) electrode with a diameter of 5 min. order b comparehe results obtained fno

different experimentsthe loading of catalysh each casssc ont r ol | e gemt Duringthe 20 ¢ g
coating of materialento the GC electrode efforts are made to ensure tlia¢ electrode thickness is

uniform to minimizeany possiblemass transfelimitations of the reactantsAlso, each materiais

tested at least three times to confirm the reproducibility of the reJiies.counter electrode is a
platinumbased electrode, while severpbssible reference electrode(e.g., Ag/AgCl, standard

calomeé electrode reversible hydrogen electrofRHE) can be usedThe three electrodes are
immersed into an electrolytee. 0.1 M HCIQ or 0.5 M HSGO,, to obtain a polarization curve for

ORR at a certain rotation speé&dgure 3-3 shows a typical polarization curve thie ORR on carbon

supported Pt nanoparticles in 0.1 M HGH2 a scan rate of 50 m&* and various rotational speeds.

The K-L plot is also obtained to calculate the number of electrons transferred by the ORR reaction.
Three regions are evident from the ORR polarization curve: (i) minimal current flows at potentials

more positive than 0.9 V due to the insufficient overpotential to drive the ORR forward, (ii)-mixed
controlled region where both ORR kinetics andn@asstans port af fect the overa
from F 0.7 t o O-coStrolled regiordat potentials)oelosv 0.7 ¥V wheni transport,of O

to the catalyst surface becomes {latdting.

or e 4800 b
20} a
-40 - q“4ooo- ?"30
‘o 60 F <
< i =3
~ -80F 1600 rpm = 3200
100} 2500 rpm
1201 3600 rpm Pt/C 2400 -
40} 0.8V
00 02 04 06 08 10 1.2 002 004 006 008  0.10
E/V vs. RHE 172 (rpm)-1/2

Figure 3-3 (a) ORR polarization curve of commercial Pt/C and (b) Correspondibgkdt.
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3.3.3 Half-cell accelerated degradation testing

The RDE seuip can be used to conduct accelerated degradation testing (ADT) to investigate the
durability of the catalyst materialln these tests, catalyst masts are normally subjected tepeated
potential cyclegnormally several thousand at least) in a rabgaveen 0.05 and 1.5 V vs RHE.
These transient conditions arery harsh and will induce catalyst deactivation faster than what might
be encountered under normal operative conditibmshis way, it is possible to compare the ORR
activity, ECSAand electrochemical signature of the materials before and after R will enable

the electrochemical stabilitpnd the effects of anphysical changes that may ocadwe to the
extended potential cyclinp be assessedypical guidelines regarding experimental conditions that
can used forADT testing havealready been publisad US Department of Energfuel Cell
Technologies Office WebinarParameters can be modified during testing to induce different catalytic
degradation mechanisms. For example, a potential range that spans the oxidation/refiuRtion
surfacesiteswill accelerate Pt particle/nanowire degradatiatile higher electrode potentivill
causemore rapid corrosiorof the carbon support materials. Many different ADT conditions are
described irthe literature andchoseraccording to the objectigef each paitular study
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4.1 Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) offergiteatappeal of high energy conversion
efficiengy, excellent energy dengitand environmentally benign operation; howewiaey require

highly active and operationally stable catalysts to facilitate the inherently sluggish oxygen reduction
reaction (ORR) occurring at the cathode. Conventional PEMFC systems employ platinbeséet)
catalysts, which to date have been the only materials capatd¢abfzingthe ORR o practicalrates
although still insufficient for PEMFC operation. The widespread commercialization and deployment
of PEMFCs into advanced sustainable energy infrasires including the automotive sector is still
limited by three primary factors: (i) high cost, (ii) insufficient performance and (iii) low durafility.

% At the root of these limitations lies the aforementioned expensive Pt catalyst materials employed:;
generally consisting of Pt nanoparticles (ceé8 Bm) uniformly distributed on high surface area
carbon black suppor{®t/C).

Although significant improvements to staikthe-art Pt/C catalysts and electrode designs for
automobile PEMFCs has been realized in recent years, an immense challenge in achieving the 2017
technical targets set by the United States Departnidanergy still remaindor the current statef-

the-art catalyst technologyAccording to thes¢argets, the total Pt loading (anode and cathode) must

be reduced to below 0.125 man coupled with 5,000 hours of operational stability under simulated

drive cycles by 2017° Specifically, Pt/C is known to degrade under the harsh oxidizing conditions
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encountered at the PEMFC cathode due to corrosion of the carbon support materials or by
agglomeration and/or dissolution of the platinum nanagest resulting from weak interactions with
the catalyst supports.This in turn leads to a sharp loss in available electroat&lyiactive surface

areas (ECSA) and by extension fuel cell performance.

A common approach to improve catalyst stability and activity has involved the design -of non
conventional catalyst supports, including transition metal oxides and nitfidesr alternative
carbon supports dogewith heteroatoms such as nitrogen to enhance the interaction and synergy
between the catalyst particle and its suppbft.t is well undertood that the structure and properties

of the support materials will directly govern the performance and stability of the catalyst materials.
There still however remains a lack of fundamental understanding regarding the exact nature of these
particular calystsupport interactiond’, a phenomena that has widespréanlicationsin many

fields of heterogeneous cataly§iRecent advances in density functional theory and computational
chemistry now povide the tools to adequately model catalyst behavioreaattle a moradvanced
understandingf electrocatalysis; including the specific catahgtpport interactions occurring at the
cathode of fuel cells. It is thereby a worthwhile approach to cofupldamental computational
simulations with experimental investigation§ novel nanostructured support materials. This will
allow scientists to predict, understand and explain improvements in catalytic activity and durability
that are influenced by suppsrtthereby providing valuable guidance for future catalyst design

endeavors.

Graphene has recently emerged as a highly promising catalyst support material for PEMFC
applicationsdueto its immense surface area, excellent conductivity and electron transfer capabilities
that are importanproperties forelectrecatalysis>* ** ’° Graphene is theoretically composed of only
graphitic carbon atoms which can provide addedstasie against corrosion during PEMFC
operatiort® although the relatively inert and hydrophobic nature of its surface does not culminate in
facile Pt depositionThisrequiresfunctionalization procedures to obtain weispersed nanopatrticles

and ovecome stability limitationd’ To this end, nitrogedoped graphene and other graphitic
carbons have been extensively developed andsigeted for fuel cell catalyst applications, either as
standalone ORR electrocatalysts in alkaline métfidor as Pt nanoparticle supports under acidic
(i.e. PEMFC) condition§”® The presence of nitrogen dopants has been reported to exert a
fitetheringo ef f e providing Ifoth bemeficiab qatalyt aciivity |ared sstability

enhancements. While density functional theory simulatigrise adsorption and binding ingations
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between Pt and either nitrogesr borondoped graphene or CNT%® a fundamental understanding

of the Ptheteroatom doped graphene catabgbport interactions and their associated impact on
ORR performance and operational stabilgystill lacking. Furthermore, the impact of graphene
doped with various other heteroatoms (i.e. sulfur) remains largely unexplored despite their high
potential for applications as ORR cataly%t8 ® or catalyst support materidfSElucidation of these
important considerations can be provided by effectively linking fundamental computational

simulations with detailed experimental investigations.

In the present work, we report the development of sulfped graphene (& as Pt nanoparticle
support materials by thermal shock/quench annealing a mixture of graphene oxide (GO) and phenyl
disulfide (PDS).After Pt deposition onto SG (Pt/SG) by a modified ethylene glycol (EG) method,
uniformly sized nanoparticles well dispeds across the entirety of the SG surfdwere been
successfullyobtained. Improved ORR activithas beenfound for Pt/SG in comparison to Pt
supported on undoped graphene (PH&J tocommercial statef-the-art Pt/C. Furthermore and most
notably, we also observed significantly enhanced stability of Pt/SG; including excellent ORR activity
and ECSA retention after exposing the catalysts to repetitive potential cycée8.InM HCIQ,

electrolyte.

On the basi®f these observations, we perfaduab initio density functional theory calculations to
investigate the interactions occurring between SG and Pt and elucidate the root calus€XRit
performance and stability enhancemeri@ased on comparativeimulatins on both doped and
undoped Gwe found that the strengthened interaction and binding energies between Pt@alSG
exclusivelydueto sulfur incorporation. Specifically, sulfur dopingadis to stronger adsorptive and
cohesive binding energies with Peading to the aforementioned catalgapport tethering effect,
along witha negative shifbf the dband center of the Pt atoms. These findisrgsused to explain the
dramatically enhanced stability and improved activity of Pt/SG, respectively, inac@omp to both
Pt/G and Pt/C. This work represents the first comprehensive report of fundarabntaitio
simulations linked to rigorous experimental investigations for sdéped graphend-urthermore
Pt/SG is presented for the first time as a higldiive ORR catalyst material with exemplary stability
capabilities for PEMFC applications.
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4.2 Experimental Section

4.2.1 Graphene oxide (GO) synthesis

Graphene oxide was prepared from graphite powder (Alfa Aesar, natural, microcrystal grade, APS 2
15 micron, 99.9995%) using an improved method reported previously by Matatf8 Briefly, 2.2

g of graphite powder &re added to 400 mL of a 9:1 volumetric mixture of concentrated
H,SOy/HsPO,. 18 g of KMnQ was then aded slowly and the reaction was heated t&C58nd held

for 16 hours. After completion, the reaction mixture was cooled down to ¥.id@n ice container

and 400 mL DDI water was added in a dropwise fashion. Finally 15 mL®@f (30%) was added in

orde to complete the oxidation reactiobhe final mixture was centrifuged to separate out the solids

which were washed thoroughly with water, ethanol and HCI (3b¥ore undergointyophilization.

4.2.2 Sulfur doping of graphene synthesis

A thermal shock/quencannealing process was utilized to prepare SG materials using a tube furnace
operating under the protection of argon (100 sccm). Specifically, 200 mg of GO and 100 mg of
phenyl disulfide (PDS, Sigma Aldrich) were ultrasonically dispersed in 4 mL of etli@an@0
minutes. The residual solvent was then evaporated to obtain a uniform solid mixture by holding the
temperature at ?Q on a hot plate. The solid mixture was then transferred to a quartz boat, which was
placed in the large tube furnace for annealifibe sample was kept outside of the heating zone while
the temperature of the furnace was raised to AD0&fter which the sample was slid inside the tube
furnaceandleft for 30 minutes before removal and cooling. The SG was washed with acetone, DDI
ard ethanol thoroughly to remove any residual organic impurities, thed dried for further
processing. Pure graphene (G) was synthesized for comparative gupgoaesimilar procedure,
albeit in the absence of PDS.

4.2.3 Platinum nanoparticle deposition

Pt wasdeposited onto SG (Pt/SG) and G (Pt/G) using the modified ethylene glycol (EG) tedinique.
Briefly, 80 mg of SG was ultrasonically disped in 50 mL EG for 1 hour, after which the pH was
adjusted above 10 by adding a 2.5 M NaOH in EG solution and the mixture stirred for 12 hours. 4
mL of hexachloroplatinic acid dissolved in EG (5 mL Pt per mL EG) was then added dropwise
corresponding to Rt catalyst loading of 20 wt%. The temperature was then raised 10 Bitiate

Pt reductionthat was allowed to proceedor 7 hours under reflux conditions in order to ensure the

reaction went to completion. After cooling the mixture, several drops of 2M HCI were added to adjust
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the pH in the range of 6 to 7. Finally, the resulting mixture was filtered and washed thgnaitghl
DDI water and then dried.

4.2.4 Physico-chemical characterization

The samples were characterized by transmission electron microscopy (TEM, JEOL 2010F) equipped
with energy dispersive-say spectroscopy (EDX) for elemental quantification and mappingh&turt
physical and spectroscopic characterizations included Raman spectroscopy {Beakemra 314), X

ray diffraction (XRD, Inel XRG 3000 diffractometer);ray photoelectron spectroscopy (XPS, PHI
Quantera) and scanning electron microscopy (SEM, LEO FEEE30).

4.2.5 Electrochemical activity and durability measurements

A conventional threeompartment electrochemical cell employing a Pt wire counter electrode and
reversible hydrogen reference electrode (RiWES used for akklectrochemicaless. A glassy cebon
working electrode was prepared by cleaning and polishing it thoroughly, followed by pipetting 10 uL
of catalyst ink (2 mg catalyst dispersed in @80ethanol and 5QiL of 5 wt.% Nafion® solution).

All electrodes were prepared with a Pt loading of @cm? while the ink concentration of
commercial state of the art Pt/C (TKK, 28.2 wt. % Pt) tested for comparison was modified
accordingly.Experimentswvere carried out in 0.1 M HClQelectrolyte at 3%C, either saturated with

O, for ORR measurements o\, for background current collection and ECSA measureméihiss.

ORR activity was measured at a potential scan rate of 10'rag CV curves were obtained for
ECSA measurements at 50 mV#\ccelerated degradation testing (ADT) was carried out by cycling
the electrode potential 1,500 timasder N saturatiorbetween 0.05 and 1.3 V vs RHE at a scan rate
of 50 mvs.

4.2.6 Computational details

Density functional theory (DFYj 2% calculations were carried out using the Viereda initio
simulation package (VASP}.The exchangeorrelation energies of electrons are described by the
Perdew, Burke and Ernzerhof (PBE) functidndbr generalized gradient approximation (GGA).

Core electrons were replaced by the projector augmented wave (PAW) ymrtadtals’” ®® while
Kohn-Sham wave functionsof the valence electrons were expandesing aplanewave basis set

with a cutoff energy of 520 eV. A periodic boundary condition was imposed on the doped graphene
unit cell with a vacuum space of 20 A for the graphene sheets to iat@iplanar interactions. To

sample the Brillouin zone, a Gamma point mesh of 36 x 36vaslused in relation to the size of the
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graphene (1 x 1) unit cells with a smearing thé MethfesselPaxton methdtl to find the
thermodynamically stable-&ped graphene structures. For larger supercells, smaller mesh sizes were
used. The graphene, graphitic and thiopHé&eS-doped graphene sheets having (4 x 4) supercells
were fully relaxed to optimize the structures with Pt atom deposited on the surfaces. Furthermore, the
Pt nanoparticles deposited on (8 x 8) supercells of pristine graphene, graphitic and thiophene like S
dopel graphenewere also calculated with a Gamma point mesh of (4 x 4 x 1). Spin polarized
calculations were performed and the tetrahedron method with Bléchl corrections wasoused
calculae thedensity of stas (DOS)>

Equation 4-1) was used to calculate the formation energy (EF) of the SG structures investigated.
O 06 Y a €' ; -& (4-1)
Here nis the concentration of sulfur in the grapheneneaork ande(C,.S,) is the corresponding

energies obtained from the VASP progrant, and’ are the chemical potentials of carbon

and sulfurtaken to bethe total energy of a graphene sheet per atom and -bgzksulfur,
respectively’*

The adsorption energy between Pt and the various carbon suppgjtevéls calculated by Equation
(4-2):

O O 5 O © 4-2)
Here,O ¢ is the total energy of the support material with a single Pt atom©n is the total
energy of the Pt atom ait@ is the total energy dhesupport.

4.3 Results and discussion

4.3.1 Physicochemical characterization

After preparation, both S@nd G demonstrated a wrinkled veiike structure consisting of thin
single or multilayer graphene shegishown inFigure A-1 in the Appendix) and indicative that the
presence of PDS during high temperature thermal annealing had negligible impaetresultant
physical structures. With the whole preparation processes schematically depidigmirm A-2
(Appendix), Pt nanoparticle deposition by the wetitablished ethylene glycol technigti&" °* was
capable of achieving excellent nanoparticle dispersion and a narrow size distribution for both Pt/SG
(Figures 4-1a, b)and Pt/G(Figures 4-1c, d). The xray diffraction (XRD) profile displayetypical
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Pt fc peaks with the diffraction pattern of the commercial state of the art Pt/C (TKK) used
throughout the present investigation included for compafiBmure 4-1e). By applying the Scherrer
equation to the Pt(220) peak, average Pt nanoparticle sizes Waratea to be 2.16, 2.42, 2.25 for
Pt/SG, Pt/G and Pt/C, respectively. These values are in close agreement, albeit slightly larger than the
calculated average nanoparticle sizes of 2.10, 2.25 and 2.15 nm, respechtadlyed directly from
analysis otransmission electron microscopy (TEM) image
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Figure 4-1 TEM images of (a,b) Pt/SG and (c,d) Pt/(@) XRD patterrand(f) Raman spectra.

The Raman spectra for SG andgure 4-1f) display a strong Bband peak, typically attributed to
disorder or defects in the crystalline graphitic structure of cabaged materialsThese were
analyzed to obtairhe ratio of thentensities of théd-band to Gband (b:lg). I attributed to the f

vibrations from spbonded carbon is commonly used as a gauge for structural disorder in graphitic
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materials. j:lg values for SG and G were calculated to be 1.33 and 0.96, respe®ivdlynaterials
exhibitedhigher b:lg ratios than tht of pristinegraphendan which the Dband is theoretically nen
existent” Typically, good Pt nanoparticle distribution and uniform sizing are difficult to achieve on
relatively inert graphitic surfaces such as CNTs or graphemel requires the use of specific pre
treatment or functionalization procedufé® Clearly the high temperature shock anneal/quench of
GO and PDS in the present study is capable of producing grapbheed materials with interruptions

in the plamr crystal lattice as highlighted by Raman spectroscopy; and furthermore offers reasonable
explanation for the facile deposition of wdispersed Pt nanoparticles. This notion is supported by
the reducedptlg ratio of 1.21 for Pt/SQFigure 4-1f), suggesng that the Pt nanoparticles deposit
favourably on the defect sites of S&hd thereby suppress the vibrations from the underlying

functionalities.

To gain understanding of the identity and concentrations of the surface species most likely
responsible fothe anchorage of Pt catalyst nanoparticlesayx photoelectron spectroscopy (XPS)
was conductedo yield the full range spectra displayed Figure 4-2a. The surface atomic
concentrationdgor SG and G listed iTable A-1 (Appendix) have been obtained frothe narrow

Cls scan spectr&igure A-3 in Appendix). Of particularinterestis the appearance of an S2p sulfur
signal centered at 161.1 eV for SG, representing a surface concentration of 2.32 at. %, a value
consistent with results from energy dispersiveax (EDX) analysis (2.41 at. %hat also indicated

the sulfur atoms are Walistributedoverthe entiety of the material§Figure A-4 in the Appendix).
Interestingly, this sulfur content iarger thanthatin SG materials reported previouSly® ¢ and
approaching that of a sulfaloped microporous carbon obtained by heat treating sudturthienyt

based polymers at the same temperafutéis indicates the effectiveness of applying the thermal
shock/quench technique on a mixture of GO and BPtBcorporae sulfur dopants into the final
graphene structure.
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Figure 4-2 XPS spectrafa) full range, (b) S2p(c) Pt4fand (d) S2p

Figure 4-2b provides a high resolution XPS scan of the S2p signalmebated into two minor

peaks located at 166.69 (peak 1) and 165.51 (peak 2) and two major peaks located at 165.10 (peak 3)
and 163.92 eV (peak 4). While the minor peaks can be attributed to carbon bopdgmSes? %

the two major peaks appear to result from the S2paiih doublet (S2p,and S2p., respectively)

with a separation of 1.18 eV, which is in close agreement ivihiheoretical spin doublet separation

of 1.13 eV® These peaks can be attributed to sulfur bonded directly to the carbon atoms in a

100

heterocyclic configuratioft ' sinceno elemental sulfur was observed by XRD or TEM ,aifid

presentwould have been removed by the rigorous washing procedure employed after SG synthesis.
We also speculate that theseS(C species exist in the thiophene form, a notion consistent with

previously reported investigatiotis®® ***

and supported by our formation energy calculations
discussed later. Furthermao thiophene species exist in a pentagonal arrangement, thereby residing

on the edge plane and defect sites of SG and most likely giving rise to the strong emergence of the D
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band observed through Raman spectroscopy. It is expected that thesbamdfispecies could serve
as anchoring sites for #in nucleation and subsequent nanoparticle gréivih. terms of Pt
deposition on G, well distributed nanopartickes also most likely anchored on the edge plane or
defect sits ! The presencef these moieties in G is indicatéy XPSthat also indicate surface

oxygen concentration of 7.49 at. %hich issupported by the collected Raman spectra.

XPS also serves as an important tool for probing the electronic states of catalyst matadhalg wh

the case of Pt plays a governing role in terms of catalyst activity and stitiigyailed Pt4f spectra

are provided irFigure 42c for Pt/G and Pt/SGBoth materials display the characteristic doublet of
zerovalence P2 with the Pt4f, and Pt4f, peaks located at 71.60 and 74.93 eV for Pt/G, and 71.83
ard 75.16 eV for Pt/SG, respectively. Small doublet contributions are observed for Pt(ll) species at
higher binding energies, although the differences between the two samples and contributions to the
overall spectra are difficult to resolve. It is importémnotice the positive peak shifts of 0.23 eV for
Pt/SG in comparison to Pt/G. This provides indication of an enhanced interaction between the Pt and
the support materialsFurthermore the increase in electron binding energy Pt/S indicates a
transferof electrons from Pt to the SG supports. This notion is further supported by a ca. 0.11 eV
negative shift in the S2p doublet paadsitionsfor Pt/SG in comparison to S@dicatingthat the

sulfur atoms in SG and Pt might exist in & IG" arrangement®*

4.3.2 Electrochemical activity and stability

To investigate catalyst stability, accelerated durabilitytirtgs(ADT) protocols are commonly
employed to simulate the harsh, potentiodynamic and corrosive conditions encountered at the cathode
of PEMFCs during operation. Pt/SG, Pt/G and Pt/C catalysts were subjected to 1,500 cycles under
nitrogensaturated electhgte with cyclic voltammograms (CVs) collected before and after ADT, as
shown inFigures 4-3a, b and c,respectively. Pt/SG and Pt/G clearly provide higher double layer
current densities, attributed to the high surface areas and capacitance capabilgiaphehe
materials. ECSA values were determined based on the calculated charge for hydrogen
adsorption/desorption initially and after each 500 subsequent cycles. It can be seen that the ECSA
retention of Pt/SG is clearly superior to thattleé other twocatalysts retaining 87% of its initial

surface area after 1,500 cyclsmpared t&4 and 48 %or Pt/G and commercial Pt/C, respectively.

The improved stability of Pt/G in comparison to Pt/C is an observation consistent with previous

investigationd ' % and primarily attributed to the higher graphitic content of graphesed

supports, enhanced-Pt or bi t al bonding strength and the pres
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However, the dramatically enhanced stability of PtiB@omparison to Pt/C, and more importantly

in comparison to Pt/G can be exclusively linked to sulfur incorporation into the graphene structure of
the support materials. This strongly suggests that improved cetalysort interactions between SG

and Pt omprise the root cause of these stability enhancements. Interestingly the emergence of
qguinone/hydroquinone redox peaks (around ca.0.6 V vs RHE) were observed after ADT especially in
the case of Pt/@igure 4-3b). This could be due to the formation of $kespecies, most likely on the
planar edges of graphene induced by the high potentials encountered during ADT. In the case of
Pt/SG, suppression of the hydrogen adsorption/desorption @emkkrge oxidative currents at
potentials above ca. 1.0 V vs RHEe notobservedafter ADT, indicating thaino significantemission

of sulfuroxide species from S@ue to degradation occurstimese developed materiafé.
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Figure 4-3 CV curves for (a) P/SG, (b) Pt/G, (c) Pt/C and (d) normalized ECSA.

ORR activity polarization curves for Pt/SG, Pt/G and Pt/C obtained both before and afteardDT
presentedin Figures 4-4a, b and c,respectively. All three materials demonstrate typical ORR
polarization curves after correction for electrolyte resistamgdy well-defined diffusion limited

currents below ca. 0.7 V vs RHE. Polarization curves at various rotation ratdseaotresponding
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KouteckyLevich plots for Pt/SG arehownin Figure A-5 in the Appendix. It can specifically be

seen that Pt/SG initigl demonstrates excellent ORR activity, with a kinetically corrected Pt-mass
based activity of 139 mMnge;" at an electrode potential of 0.9 V vs RifEigures 4-4d and f) and
rotation speed of 1600 rpm. This is superior to that of Pt/G (10ImgA') and commercial Pt/C

(121 mAmge") measured under the same conditions at identical Pt electrode loadings. The order of
the massbased activies (Pt/SG > Pt/C > Pt/Gls commensurate with the differences in average Pt
nanoparticle sizeHowever, sinceéhe specific activity of Pt/SG (279A cmi%) is superior to that of

Pt/G (235uA cmi’s) and Pt/C (23QA cmi?) despite smaller average nanoparticle sizes, it appears
that particular catalystupport interaction effects also playrole in the enhandeactivity of Pt/SG,

but to an unknown extent.
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Figure 4-4 ORR for (a) Pt/SG, (b) Pt/G and (c) Pt/Cf{dPt mass based activities of each catalyst.

Pt/SG furthermore possessexcellent ORR activity retentioafter the ADT. After 1,500 potential
cycles, Pt/SG demonstratenly an 11.2 mV loss iiits half-wave potential (i) and retais almost
78% of the Pmass based activity at 0.9 V vs Riffigures 4-4 e and f) Meanwhile Pt/G exhibis a
23.0 mV loss in b, and retais 56% of its Ptmassbased activity at 0.9 V vs RHEvhereas Pt/C
demonstrate a significant &, loss of 43.0 mV and retasronly 33% of the initial Pimassbased

activity. Thisculminatesin Pt/SG boasting 171% higher Pmassbased activity aftethe ADT in
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comparison tahat of thecommercial Pt/C catalyst.€., 108.0versus39.8 mAmgs" at 0.9 V vs
RHE). Consistent withthe ECSA loss measurements determined thraihghADT, Pt/SG display
the higheststability among the materials investigated, followed by Pt/G and commercialvRb/C

muchpooter stability.

As Pt particle agglomeration and dissolution are among the primary meuobafos catalyst
degradation and performance loss during PEMFC operaliéM operates as a powerful tota
investigae the morphological changes occurring in catalyst materials following RB&'? Figure 4-

5 provides TEM images and corresponding particle size distributions after ADT for fRi@@es

4-5 a and b) Pt/G (Figures 4-5 ¢ and d)and Pt/C(Figures 4-5 e and f with TEM images otheas
purchased Pt/@resentedn Figure A-6 in the Appendix). Interestingly, P/SG stitontainssmall Pt
nanoparticles uniformly distributed across the entirety of the SG supportes(ifigure 4-5a).
Notably, based on measurement of over 200 individual nanopaifGtrses 4-5a and A-7 in the
Appendix), the average Pt nanoparticle size increfsen 2.10 nm to only 2.30 nmver the course

of the ADT. On the other hand, Pt/Eigure 4-5c¢) and Pt/C(Figure 4-5e) nanoparticles grow much

more significarly. Evidence of particle agglomeration is most pronouneéd Pt/C. Specifically,

the Pt nanopatrticle size Rt/G increasefrom 2.25 to 3.80 nrover the course of the AD{Figure 4-

5d), while the average size t/Crisesfrom 2.15 toas much a8.25 nm(Figure 4-5f). This provides
further verification of the beneficial impact of using SG support materials that can suppress the
agglomeration and growth of Pt nanoparticles during telelsemical cycling. To further
experimentally investigate the interactions occurring between sulfur dopant species in SG and Pt
nanoparticles, a select area of Pt/SG following AFlgure 4-5g) was subjected to higangle
annular dark field (HAADF) imagip and EDX colour mapping. ADT on this sample was conducted

in the absence of binder in the catalyst ink solution in order to avoid interference from the sulfonate
species present in Nafion on sulfur mappiRigiure 4-5h displays the HAADF image of Pt/SGjtiv

the Pt nanoparticles clearly visible as bright spots distribatedl the SG surface. This image is
overlapped with the EDX colour map of Pt/SGFigure 4-5i. Clearly, the Pt speciefdisplayed in

red) tend to reside in areas rich in sulfur contédsplayed in green)providing further supporting
evidenceof the favourable interactions and binding between these species. With experimental results
reflecting the improved interactions between Pt and 8@l theenhanced ORR activity and
electrochemicaltability, we turn tofirst-principlescomputational simulations in order to gain insight

into the exact nature of these enhancements.
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Figure 4-5 (af) TEM images and size distributions initially and afT, (g-i) Pt and S overlap

4.3.3 Computational investigations of sulfur doping

To investigate and understand the support effects of S@,4astipercell ol graphenesheetFigure
4-6a)is selected for the calculations. We assumedhatof thecarbon atmsin the graphene sheist
replaced by a sulfur atom as showrFigure 46cand descri bed as fdthg aphitic
presence ofthiophenelike sulfur (thiophene S) in a pentagonal arrangenisntonsidered by
eliminating the carbon atom adjaceathe graphitic Srom the model supercelFigure 4-6€). The
formation energy (B of each structure wasalculated E- can be regarded as measure ofhe
additional stability of each structure, indicative of the energetic stability relative to that of
homogeneous local environment at the same concentraffdisvaluesare calculated to be 0.21 and
0.19 eVatomi* for graphitic S and thiophene S, respectively. This provides indication that thiophene
S formation is more favourable during SG synthesisyreclusionthat is supported by the results of
XPS analysis after high temperature thermal annealing. In theotgwestine graphene, theiC

bond distance is 1.42 A, which is very closette experimentally measured value of 1.42'A0n
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the other hand, the-8 distance in the model complexfound to change from 1.42 to 1.70 A for
graphitic Sdoped graphemafter relaxation, due to the diffepenin theatomic radius of sulfur (1.04
A) andcarbon (0.77 A). For thiophened®ped graphene, the-€ bond distancef 1.87 Ais even

larger.

Previous investigations have linked enhanced catalytic activity ancwvegbrmetallic nanoparticle
dispersion to the modulated electronic structures and chemical properties of graphitic materials
induced by heteroatomic dopifg**® Densityof-states (DOS) and projected densifystates
(PDOS) analyss can providensight into these modifications and furthermore allow furihsight

into the interactions occurring between the surface of graphene and adsorbed species or'féactants.
151619120 The results 0DOS and PDOS anadgsof the valence electrons of the pristine graphene
and sulfur incorporated graphene materiate shown in Figure 4-6. Specifically, theDOS for
pristine grapheneevealsthe conical shape near the Fermi le{€igure 4-6b), consistent with
previous report§?*'# Thus, graphene is considered a semtal because no band gapdensity of
electronic statesccursat the Fermi level? Thus,the electrical conductivity of these materiéds
governed bythe Dirac equatiort?® The substitution ofraphitic S into graphene results in a shift of

the Fermi level towards higher energies as shown in the PDOS of the carbon atoms and the DOS of
these material§Figure 4-6d). Furthermore,electrons ingraphitic Sdoped graphene occupy the
energy states athe Fermi level, implyingthat this material should havexcellent electrical
conductivity which is an importamequiremenbf electrode materiaf€? Interegingly, the position of

the Fermi level for thiophene-@®ped graphend-{gure 4-6f) is not significantiydifferentfrom that

of graphene doped with graphitic S; howeweband ga@ppearsat the Fermi level which implies
thatexcellent electrical conduieity should notbe expectedor this material Nevertheless, this is not

a limiting factorfor an ORR electrocatalysisupport materiabecause the band gap could be filled
after the deposition of Pt atoms onto these materials.
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Figure 4-6 Schematic top view othe model system@&, ¢, e) PDOS(b, d, f) and Charge density
change of G and SG{y).

The atomic partial charges and changes to the charge density of individualbatootgainedising

Bader charg analysis®® The total number of valence electrons calculated from the Bader charge
method are 128, 130 and 126 for a (4 x 4) supercell of pristine graphene, grapleitiedsgraphene

and thiophene -Hoped graphene, respectively. The charge of the graphitic S atom in graphene is
depleted to 0.28 @igure 4-6g), whereas the thiophene S atbiasa slight chargaccumulatiorof -

0.01 e(Figure 4-6h). Generally electron charge accumulation or depletismattributed to charge
transfer from atoms with lower electronegativity to atoms with higher electroneg&tivity.
However, in the present cashe electronegativity of sulfur (2.58) on the Pauling scale is similar to
that of carbon (2.55Y° Interestingly,in graphitic Sdoped graphenéFigure 4-6g), the electronic

charge of the sulfur atom is depleted towards the neighbouring carbon atoms which possess charge
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densities varying from0.24 t0-0.26 e. Conversely, the sulfur atomthiophene Sloped graphene
has a slight charge accumulatif¥igure 4-6h). Clearly, these results indicate that the exact charge
transfer phenomena and electronic properties of the &6rials depend on the specific arrangement
of the dopant atoms. Regardless, the disruptions of tAecabon hybridization caused by
heteroatomic sulfur dopants result in a change of the Fermi level and DOS of the miuztrieds
enhancehe Pt catalgt-support interactions.

4.3.4 Electronic structure analysis of Pt atoms on SG

Prior to the investigation of S&upported Pt nanopatrticles, the adsorption of a single Pt atom on a
(4x4) unit cell of pristine graphene, graphitied8ped graphene and thiophen&lded graphene
have beelinvestigated tajain a better understanding of the interaction betweesuggort materials
andPt and to obtain and visualize their stable configuratibasthis analysis,ach Pt atonis placed

on the top, hollow and bridgetss of the three different unit cells to elucidate the most energetically
favoured nucleation site, an important determination in order to ensure the reliability of subsequent
DFT simulations.The calculations show that the Pt atom adsorbs preferentially @C bridge site

in pristine graphen@-igure 4-7a) andthe bridge S site inthiophene Sloped graphen@-igure 4-

7c¢); on the other handRt adsorbs on top of the sulfur atongmaphitic Sdoped graphen@-igure 4-

7b). In addition, the bond length tyeeen the Pt atom and nearest adjacent carbon atom on graphitic
S (2.05 A) and thiophene-$%2.06 A) doped graphene is shorter than that of pristine graphene (2.08
A). This observatioris likely related to the adsorption energy between Pt and carhgh ¢ the
support materials that cde calculated as followse&= Epysupport ~ PE  sufport Where BysuppordS the

total energy of the support material with a single Pt atom adsorbed enisttte total energy of the

Pt atom and EyyoiS the total energy of the suppott has been well established that the interactions
occurring between a catalyst material (i.Bt) and support play a significant role in the final
composite structure in terms of nanoparticle size and distribution bedaisardperties of the
support directly affect the nucleation and growth processes during prepatatién®* The values of

Eags Of Pt on graphitic Sand thiophene -Boped graphene afeund to be-3.27 and-2.68 eV,
respectively. These are more negative than that of Pt on pristine gragh8te={/), highghting the

fact that Pt adsorbswuch morestrondy on SG materials as a result of sulfur incorporatibmis
enhancetheinteraction between the Pt and supmortl facilitatePt nanoparticle dispersion and size

uniformity asindicated by th&'EM analyss. Moreover,the strengthened interactions will provide a
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tethering effect between the SG and Pt nanoparticles thainbdoit their selfagglomeration or

dissolution under conditions such as those encountered during fuel cell operation.

4.3.5 Ab-initio simulations of Pt nanoparticles on SG

Prior to the relaxation of graphesapported Ptwe first conduct calculations in whidree-standing
icosahedron P§ nanoparticlesare fully relaxed to find theimpreferred structure under vacuum
conditions. Then, ik icosahedron Pt nanopatrticle is deposited onto pristine gragRienge 4-7d),
graphitic S (Figure 4-7e)and thiophene SFigure 4-7f) doped graphene for subsequent calculations

to gain a comprehensive understanding of the previously repextalientelectrocatalyst activity

and stability under acidic operating conditions. THeadd center model proposed by Ngrslabv
al.®**® has turned out to be very useful for desagithe underlying mechanisms of experimentally
observed, albeit complicatecgurface catalytic reactions. Using thebahd center model, the
electronic structure of the surface exposed metal layer and its inherent catalytic activity can be
correlated?® This model relies on the assumption that the weighted average ofbémredcelectron
energies (éband center) of a catalyst is strongly correlated to the binding energy of the catalyst atoms
with the chemical species adsorbed (egxygen)* 13 137 139 ijlizing these underlying
fundamentals, Pt alloys with weaker oxygen binding energies than conventional Pt materials have

37138 3n assertion that

been predicted to possess superior ORR activities by DFT calcul&fioHs:
has beerconfirmed byexperimental observatigrof a variety of researchers employing extended
surface and bulk catalyst®’*® In the case of nanoparticles however, intrinsic ORR activity
enhancements cannot be exclusively linked to thartl center theorgueto complicationgelated

to the cerdination environment anBt particle size that significantly affects the ability to adsorb
oxygencontaining specie¥? Nevertteless, folour presenpurposesit is reasonable to quantitatively
evaluate the adsorptive strengths of oxygen due to the fact these materials consist of pure Pt with
minimal differences in nanoparticle siZ8.Therefore, thedeposition of theicosahedron R%
nanoparticle othe G and SG materialis uisedas the basifo calculate the thand center value and
predict variations iithe ORR activity. From the PDOS of Pt atombdnd center values are evaluated

on the graphenbased support materials using Equatié3)¢*°

0 — (4-3)
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Here,n is the density of states projected onto the d orbitals of a Pt atond-Gdred center value is
determined for &t atomlocatedat a vertex site neathe supportand foundto be-2.33,-2.50 and-

2.72 for graphene, graphiticc &nd thiophene -8oped graphene, respectively. Independent of the
arrangement of sulfur dopants withihe SG their presence alone causés dband center of the
supportedPt nanoparticlgo shift in the negative directionThis observation is consistent with a
previous investigation that indicated a negativMeadd shift fora Pt nanoparticle supportesh CNTs
functionalized with thiol groupthat arenot necessarily incorporated into the planar graphitic lattice
of CNTs, but rather as functional species extending from the basal plane of these stipports.
Regardless, the negative shift in thévahd center for thé’t nanoparticles supported on SG is
reflected in the improved ORR kinetics of Pt/SG in comparison to tRHGsobservedn our half-

cell experimental investigations.

Figure 4-7 (a-c) Schematic top and side view of Pt atom adsorptio® @md $ (d-f) Schematic top

and bottom (insetyiews of Pt atom adsorption 0@ and SG.

The Pt nanoparticles are stabilized by a subtle interplay occurring between tluepsneent
cohesive energper atom and the propensity for nanoparticle surface energy minimiZ&tioias

been proposed that lower cohesive energies results in a lowering of the electrochemical dissolution
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potential of Pt into acidic solutiort&® *****° The cohesive energies of Pt nanoparticles on different

support materials@ ) can be calculated using Equatidr4):

ro ¥ h (4_4)
Here O  is the total energy of an individual Pt ataris the number of Pt atom®, is the
total energy of the support with thit cluster adsorbed on it afd is the total energy of the

support. The cohesive energy of the unsupportegiddisahedron is3.62 eV taking spipolarized
calculationsinto considerationa value that is consistent with previous reptifts?® The values of

‘O for the Pi; nanoparticlesupported on grapher@sed materialare calculated to be3.67,-3.77

and -3.95 eV for the case of pristine graphene, graphiticai® thiophene -Hoped graphene,
respectively. Clearlythe cohesive energy of Rton graphenebased support materials higher
Moreover and most notably, the cohesive energy of the Pt nanoparticles can be increased when using
graphene doped with eithgraphitic or thiophendike sulfur speciesBy extension, tiis implies that

the electrochemical dissolution potential of Pt nanoparticles supported on SG could be increased.
Once again, the result of this computational analysis supports our finding®ttB& provides
excellent electrochemical stability investigated through ADT protocols in acidic electrolyte.

4.4 Conclusions

SG materials (2.32 at. % S) were synthesizd by thermally shock/quench annealing a mixture of GO
and PBS. The SG materials were usedupport weldispersed uniformly sized (ca. 2.10 nm) Pt
nanoparticles for ORR catalysis. Pt/SG demonstrated excellent ORR activity based-oell half
investigations, providing a Phass based current of 139 mige* at an electrode potential of 0.9 V

vs RHE. This performance was superior to that of commercial Pt/C (12ngp&) and Pt/G (101

mA mge?) and clearly illustrated the beneficial impact of sulfur dopants in graphene supports.
Notably, the outstanding electrochemical stability Pt/SG was clarly demonstratethrough ADT,
displaying only an 11.2 mV decreasetire ORR halfwave potential and maintaining 87% of its
initial ECSA after 1,500 potential cycles. This was a dramatic improvement over Pt/G and Pt/C,
which demonstrated 23.0 and 43.0 riogses irthe half-wave potential, while retaining only 54 and

48 % of their initial ECSA, respectively. Finally, in orderitwvestigatefundamentabspects othe

role of catalysisupport interactions these new material®FT computational simulationsevealed

that sulfur doping of grapheneads tostronger interactions with Rtnhanced nanoparticle cohesive

energiesand ultimatelythe outstanding electrochemical stability of Pt/8@t has been observed
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Furthemore, the sulfur dopants mifg the electronic properties of Pt, resulting in a negative shift in
the dband thashouldenhance ORR kinetics.
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5.1 Introduction

Recently, onadimensional (1D) nanostructures such as Pt nanowires have been demonstrated capable
of overcoming some of the drawbacks of Pt nanopatrticles in catalyzing ORR, in particulalingrovi
much improved catalytic activity and/or durabilify****** The durability of Pt nanowires can be
further improved by growing the nanowires onto stable narmigted support materials, such as
graphene or carbon nanotubes (CNF3Y’ Unlike the carbon black conventionally used to support

Pt atalysts, graphene in particular possesses very unique chemical, mechanical and electrical
properties due to its two dimensionaf $pybridized carbon network® Studies have additionally
shown that doping graphene with heteroatoms is an effective way to tune the intrinsic properties,
which is beneficial for improving electrocatalyst activity and stabifity?® In our previous work, we
demonstrated that sulfdloped graphene (SG) is a highly promising support for Pt nanopatrticles,
providing a 14% increase in-Based mass activity in comparison to the stéine-art Pt/C and
remarkable stability in terms of esdtrochemically active surface area (ECSA) and mass activity
retention following accelerated durability testifiy.We propose that combining the beneficial
catalystsupport interactions provided by SG with Pt nanostructure costrategies (i.e., 1D
nanowires) could provide further ORR activity and durability improvements to achieve practical

targets for commercial devices.

Herein we report the direct synthesis of Pt nanowireSGnN(PtINW/SG)by applying a simple and

facile surfatant free solvothermal technigffeThe prepared PtNWs areoroprised of numerous
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single crystalline nanoparticles oriented along the <111> direction, and provide increased- Pt mass
based ORR activity in comparison to commercial Pt/C catalyst and PtNWs supported on graphene
(PINW/G). Most notably, PtINW/SG showed elent stability through 3000 cycles of accelerated
durability testing (ADT) in terms of both ECSA and ORR activity retention. By combining the
advantages of both the 1D nanostructure of Pt and unique support materials, PtNW/SG are reported as
a practicaland highly promising candidate for overcoming the long term durability issues of
conventional PEMFC cathode electrocatalysts.

5.2 Experimental section

5.2.1 Preparation of S-doped graphene (SG)

100 mg of graphene oxide (GO) pwaspiedwittdl0bmg a mod
of phenyl disulfide (PDS) by grinding. The materials were loaded into a tube furnace and kept outside

the heating zone until the furnace temperature reached@0TBe sample was then slid into the

heating zone where it remained 0 minutes under argon protection, followed by cooling to room
remperature. Graphene was prepared under identical conditions without PDS.

5.2.2 Preparation of S-doped graphene supported platinum nanowires (PtNW/SG)

9.2 mg of SG was dispersed by 2 hours of uttn&sation in a mixture of 12 mL ethylene glycol and
18 mL of N,N-dimethyl formaide. 30 mg of #?tCLk.6H,O was then added followed by the addition of
1.5 g KOH and stirring overnight. The final solution was transferred to a 40 mL Tlgfézh
autoclave andheated at 17T for 8 hours. The resultant black product was collected and washed
thoroughly with ethanol and DDI water before drying in a vacuum oven’at 8bie same procedure
was applied to prepare PINW/G, with a platinum loading of/88 achieved foboth materials.

5.2.3 Materials characterization

The catalyst materials were characterized using scanning electron microscopy (SEM, LEO FESEM
1530), TEM (JEOL 2010F) equipped with EDS, and XRD (XRG 3000) using monochromatic Cu K

X-rays.

5.2.4 Electrochemical characterization

1.75 mg of catalyst materials were dispersed in a solution of 1.9 mL ethanol and 0.1 mL 5wt% nafion

and dropcasted on a glassy car bomf. C¥kuvestwerede t o
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collected at 50 m\&! in N,-saturated 0.1MHCIO, and ORR measurements at 5 re¥/under Q-
saturation with electrolyte resistance correction applied. To improve the dispersion of nanowire

catalyst on the electrode, 20 wt% carbon black (Vulcar7&Cwas added to the suspension.

5.3 Results and Discussion

SG with a sheet like morpholog¥igure 5-1a) was prepared and found byray photoelectron
spectroscopy (XPS) to possess a surface sulfur content of 1.05 at.%, consisting primarily of
thiophenic specie@Figure A-8 in the appendiy. After the solvothermal synthesis of PtNW on the

SG, the overall morphology of the materials is showrFigure 5-1b. A variety of nanowire
diameters ranging from 3 to 25 nm are observed, along with nanowire lengths in excess of 1 um
(Figure 5-1c). The crystal streture of Pt nanowires was confirmed to bddet(JCPDS No. 049802)

based on the-ray diffraction (XRD) peaks shown irigure A-9 in the appendix with diffraction
patterns of commercial Pt/C and PtNW/G shown for reference. High resolution transmission electron
microscopy (HRTEM) images of the Pt nanowires showrFigure 5-1d indicate that the nanowires

are composed of numerous attached Pt dgysigented along the <111> direction, with a measured
d-spacing of 2.24 A corresponded to the (111) fatmterestingly, Pt nanowires with different
diameters possess the same crystallographic orientation along the <111> direction as shown from a
HRTEM image of a nanowire possessing a smaller diameter (ca. 7nfipune A-10 in the
appendix. For comparison, the structure of undoped graphene and PtNW/G are shieigaraA-

11a andb in the appendix respectively. We investigated the time dependent gravethanism of

Pt nanowires on SG and the results are showrkigare 5-1f throughj. After just 10 minutes of
reaction, growth is initiated by the nucleation of naimed Pt particles on the surface of Fgjure

5-1f). After 1h, the number of nanopar@isl on SG increases significantly, and side by side
attachment is observe(Figure 5-1g). Interestingly, after 2h, the process of attachment and
coalescence of nanoparticles eventually occurrs to the point that nanorods are(Fogmed5-1h).

This proces is continued with an increase in reaction time to 4h, where it can be clearly seen in
Figure 5-1i that the nanoparticles have attached together to form nanowires with larger lengths, and
finally,after 6h, smooth, continuous nanowires are obtai(feidure5- 1j). Based on these
observations, it appears that the PtNWSs evolve from the preferential attachment and crystallographic

?ZL 162

arrangement® **?along the <111> direction, rahthan a seeihitiated growth proces$?
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Figure 5-1 (a-d) SEM and TEMimages of SG and PtNW/SGe-g) Growth of nanowires

The electrochemical propertiescastability of the various catalyst materials were investigated using
cyclic voltammetry (CV) in 0.1 M HCIQ CV curves before and after accelerated durability testing
(ADT), which involved subjecting the catalyst to 3000 potential cycles between 0.0b5ahdvs.

RHE, are shown for PtINW/SG, PtNW/G and commercial Pt/Eigare 5-2a, b andc, respectively.
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It should be noted that the ADT conditions employed are very harsh and include the potential regions
in which repeated Pt oxidation/reduction and carbomosion will occur®® After ADT, additional

redox peaks appear in the range of 0.50 to 0.75 V vs. RHE. These peaks likely arise due to the
formation of quinone/hydroquinone redox species under the high potentials encountered during ADT.
The electrochemically active surface ar@aCSA) of the various catalysts was calculated by
integrating the hydrogen adsorptidesorption regiofl with ECSA values of 24.5, 24.0 and 53 m

gme; - determine for PtNW/SG, PtNW/G and Pt/C, respectively. The reduced ECSA of PtNW/SG
and PtNW/G in comparison to Pt/C is to be expected, owing to the thicker diameter and anisotropic
structure that results in a lower degree ehfim exposuré®® *** Normalized ECSA values obtained

after a varying number of ADT cycles are showifrigure 5-2d. It can be seen that after 3000 cycles,
PINW/SG loses only 42% of its initial ECSA, whereas the losses in ECSA for PtINW/G and Pt/C are
72 and 99%, respectively. These results exemplify the excellent stability of PtNW/SG in comparison
to PINW/G and commeial Pt/C cunder the harsh potentiodynamic conditions of ADT. In our
previous study® we found that Pt nanoparticle ECSA losses could also be significantly mitigated
using SG supports, owing to the strengthened adsorptive ardigelinteractions induced by sulfur
dopant atoms on Pt atoms and nanoclusters, respectively. The current results indicate a similar effect
in PINW/SG based on the significant improvements in ECSA retention observed in comparison to
PINW/G. To investigate the impact of nanostructure control (i.e., nanowires), the as prepared
PINW/G was compared with Pt nanoparticles supported omopad graphene (PtNP/G).
Electrochemical testing results providedFigure A-12 in the appendixdemonstrate thaPtNW/G

shows clear stability enhancements in comparison to PtINP/G, albeit not to the extent observed in the
presence of sulfadoping. This stability enhancement could likely arise owing to surface of the
PtNWs that consists primarily of (111) facets thost thermodynamically favourable configuration,

as the (111) planes possess the lowest surface energy of all theléowcrystallographic planes of

pt3
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Figure 5-2 CV curves for (a) PINW/SG, (b) PtNW/Gc) Pt/C (d) Effect of cycle number on
normalized ECSA.

The ORR activity of PtNW/SG before and after ADT was investigated in oxygen saturated 0.1 M
HCIO,. Initially at 0.9 V vs. RHE, an improved -Based mass activitpf 167 mA mge* was
observed for PtINW/SG in comparison to PtINW/G (132 mgy ') and commercial Pt/C (125 mA
mge;’). Moreover, PtINW/SG showed a very high specific activity of 0.675cmi&; (Figure 5-3d-

-2 167

inset), approaching the U.S. Department of Ene(@OE) target of 0.720 mAcm g
PtNW/G and Pt/C demonstrated specific activity values of 0.543 and 0.250 faAoespectively.

while

This specific activity enhancement is attributed to the preferential exposure dfittjefgcet of the
PtNWSs that provides higher activity than the (100) fd&t€ that are abundant in nanoparticle
configurations’ Additionally, the 1D extended nastructure of the PtNWs leads to a a reduced

fraction of defect, step and edge sites that bond spectator specigg {@Hstrongly, thereby
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impeding the ORR kinetics®*” On the other hand, it is very likely that the improved activity of
PINW/SG in comparison to PtNW/G arises duethe beneficial catalystupport interactions

occuring between Pt and the sulfur dopants present ifi°SG.

Polarization curves obtained before and after ADT are showigure 5-3a, b andc for PtNW/SG,
PINW/G and Pt/C, respectiye After ADT, PtNW/SG shows only a 22 mV loss in halave
potential, significantly better than the 86 mV hative potential loss for PtNW/G and almost
complete loss of performance for commercial Pt/C. A comparison-lo@$&id mass activities before
and after ADT is given inFigure 5-3d. Notably, PtINW/SG demonstrated a mass activity of 112
mAmgs* at 0.9 V vs. RHE after ADT, representing 67% of its initial activity. PtNWG and Pt/C on
the other hand showed mass activity values of 22 and 0.5 giAfatiowing ADT, corresponding to
only 17% and < 1% of their initial activity, respectively. We additionally investigated the stability of
PINW/SG using the DOE recommended durability testing protocol that involves 30,000 potential
cycles between 0.6 and 1.0 V.\RHE in Q saturated 0.1M HCI@solution.* ****"* Once again, the
ECSA and ORR activity retention of PtNW/SG was superior to that of commercia{FgiGe A-

13 in the appendiy. Following this testing, the ECSA retention for PINW/SG and Pt/C were
approximately 65 and 33%, respectively, and the losses iwhal potential were approximately 50
and 250 mV, respectivelioreover, we collected CV curves of PtINW/SG after 6000asyfligure
A-13(inset) in the appendi¥ and obseved only a 12% loss in ECSPiis is a significant
improvement over the 30% ECSA loss observed by éfiml"® for unique PePt nanodendrites after
only 4000 cycles, although with a slightly higher upper potential limit (0.6 to 1.1 V vs. RHE). Our

results are in more close agreemenhwite results of Ruaet.al'™

who reporedan ECSA loss of
14.2% after 6000 cycles for ultrathin Pt nanowire networks, although the Pt mass and specific

activities of our PINW/SG were significantly higher (16 and 385%, respectively).

58



o{Q
o ‘
'E -2
5 AE=22mV/ AE = 86 mV ¢
< — 1y
E.
64
02 04 06 0.8 1.0 02 04 06 08 1.0
E (V vs. RHE) E (V vs. RHE)
400 —
g |d
- E0.93-
‘\'.‘-‘ g 300- %0.90-
5 E ] e .67
© - N nitial
< > 2004zzzzADT  ostly :
E E D'jjk (mAcm2 P:)
= 3
© 100 7
[7}]
W ive, " - 8
-6. E —
0.2 0.4 0.6 08 10 PtNW/SG PtNWI/G Pt/IC
E (V vs. RHE)

Figure 5-3 Voltammograns for the ORRon (a) PtNW/SG(b) PINW/G and (c) Pt/Qd) Comparison

of Ptmassbased specific activitgmong the different catalysts

Since the performance degradation of electrocatalyst materials is an inhjgsten we investigated

the morphological and structural changes of the catalysts following ADT. After 3000 cycles, PtNWs
were still observedo be anchored on the surface of §Gigure 5-4a) with a crystallographic
orientation in the <111> directidifrigure 5-4b). An energy dispersive spectroscopy (EDS) elemental
map of PtINW/SG after ADT is shown Figure 5-4c, demonstrating the locations of carbon, sulfur
and platinum species. To avoid interference of the sulfonate species preSafibim a bindeffree

ADT test was conducted for the purpose of elemental mapping. Interestingly, sulfur atoms are
consistently observed to be well distributed along the lengths of the PtNWs, irglitetinthese

sulfur species serve as anchors to adhere the nanowites sarface of the S&’ This is supported
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by our recent findings through @ initio approach that highlighted stronger adsorption of Pt on SG
(-2.68 eV) compared to pure grapher2@l eV), and an enhanced Pt nanopatrticle cohesive energy
of -3.95 eV versus3.67 &/, respectively’® For full details of the DFT calculations, please refer to
the previously published manuscript and supporting informatfo@n the other hand, the structure

of PtNW/G was more vulnerable®® ADT conditions, with PtNW degradation and aggregation
observed, along with the formation of nanopatrticle agglomerates on the graphene (Sigfaees-

4d). The harsh ADT conditions also had a significantly detrimental effect on the structure of Pt/C
(Figure A-14 in the appendiy, demonstrating dramatic Pt nanoparticle growth and agglomeration.

P >
’ A

C (green)
S (blue)
Pt (red)

™ 4
:
> '

Figure 5-4 (a,b) TEM images and (§DS mapping of PtNW/SGd) TEM image of PINW/G.

5.4 Conclusions

In conclusion, SG was prepared as a support for the direct growth of platinum nanowires.
Investigation of thegrowth mechanism of Pt nanowires on $&vealedthat the nanowires are
comprised of numerous single crystalline nanoparticles attached and credotey the <111>
direction Notably, PtINW/SG exhibited excellent electrochemical ORR activity and stability in

comparison with PtNW/G and commercial Pt/C catalysts under harsh, potentiodynamic conditions.
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After 3000ADT cycles, PtNW/SG retained 58% of itstial ECSA, superior to only 28% and 1%
retainedby PINW/G and commercial Pt/C, respectively. Additionally, PtINW/SG retained 67% of the
Ptbased mass activity, whereas the mass activity reteoti®iNW/G and commercial Pt/C were
17% and < 1%, respeetly. PINW/SG also exhibited increasedn®iss based activityyith an
excellent specific activity of 0.675 mAm?,, approaching the DOE recommended target of 0.720
mA cm?..

61



Chapter6Sensiti vi toyfShAhdDlopeida@hene

The following section is based on previously published workbgue, M. A., Hassan, F.Seo, M.
H., Choi, 3. Y., Pritzker, M., Knights S., Ye, S., and Chen, Z.

Nano Energy 2016, 19: 238

fiOptimization of sulfur-doped graphene as an emerging platinummanowires supports for

oxygen reduction reactiom

Author contributions: H.M.A conducted the material preparations, characterizations and
electrochemical tests. H.M.A wrote the manuscript. S.M.H performed the DFT analysis. C.Z. and

P.M cosupervised the pject. All authors reviewed the manuscript.

Reproduced with permission from Elsevier.

6.1 Introduction

The kinetic limitations of the cathodic oxygen reduction reaction (ORR) must be overcome to meet
the practical demands for polymer electrolyte membrane &lis| @EMFCs)">*"®'81, The observe
overpotential is attributed to the slow kinetics of ORR occurring on the conventional carbon
supported platinum nanoparticle (Pt/C) cataly&¥* These zero dimensional (OD) nanoparticulate
electrocatalysts lack activity due to a high number of defect sites, lattice boundaries and low
coordination atoms on the surface that results from their very small size. This leads to the strong
adsorption of oxygen containing species.(OH groups) and thereby decreases the number of active
platinum sites available for the OR #'#'_ Stability is another pertinent concern, whereby Pt/C
degrades during PEMFC operation due to carbon corrosion and/or platinum nanoparticles
agglomeration, dissolution and Ostwald ripenitig®® 1°.

In contrast to nanoparticles, one dimensional (1D) nanostructures, such as platinum nanowires, have
been highly touted as promising solutions to the inherent activity and duradslitysi associated with
stateof-the-art nanoparticle catalyst® 2 153 19192 Thege 1D platinum morphologies provide
significant advantages owing to their unique anisotropic structure and surface properties that lead to

excellent electrocatalytic actlyi and durability % % 1

In particular, platinum nanowire
morphologies minimize the number of undesirable -tmardination defect sites due to their

preferential exposure of smooth crystalline plaii&s>. Therefore, the cathodic overpotential caused
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by adsorbed oxygecontaining species can be significantly suppresksding to an increase in
ORR kinetics'% 1",

The performance of platinum nanoparticles or nanowires can be further improved by growing them
onto a variety of stable supports, including mesoporous carbon, carbon nanofibers, nanotubes

and graphen&>'°"1°9 100198200 Among these supports, graphene has significant appliqasiential

owing to its uniquepropertie$®’. The two dimensional $gbonded hybridized carbon network in
particular possesses outstanding mechanical, chemical and electrical properties that are ideal for
electrochemicabpplication$®. Both theoretical calculations and detailed experiments have shown
that the intrinsic properties of graphene can be modified by the introduction of heteroatoms, such as
sulfur, nitrogen, phosphorus boron into the carbon framewofk®® 2% A |ot of research has been
carried out to investigate nitrogeloped carbon materials as platinum catalyst supports, with

207 \We were however the

enhancements to bothe ORR activity and electrochemical stabilit
first to develop sulfudopedgraphene (SG) as a platinum catalyst support, capable of providing
remarkable activity and durability improvement8 **®. Through detd&d density functional theory

(DFT) calculations and experimental investigations, we demonstrated that platinum binds strongly to
SG. These strong catalystipport interactions lead to an enhancement in Pt stabilization, along with
modulated electronic pperties that provide ORR activity enhancements. The amount of sulfur in SG
very likely has a significant impact on the interactions with platinum, owing to its influence on the
electrical and chemical properties of the resulting catalyst. Therefore,edeksibwledge of the

sulfur concentration dependency of the ele&irmtic parameters for oxygen reduction, along with

the physicochemical properties of the developed catalysts is of importance. This fundamental insight

is essential to the design and deyshent of optimal PEG catalysts.

In this report, we provide an extensive investigation to elucidate the effect of sulfur concentration on
the oxygen reduction performance of SG supported platinum nanowires (PtNW/SG). We examine the
morphologies, structat and electrical properties of PtNW/SG with different sulfur contents, and then
investigated the electrochemical kinetic parameters such as Tafel slope, exchange current density and
activation energy towards oxygen reduction. These detailed experimpmgtigations are also

linked to computational simulations to systematically elucidate the impact and contribution of sulfur
on the ORR activity of PtNW catalysts.
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6.2 Experimental Section

6.2.1 Synthesis of Graphene Oxide (GO)

Graphite powder (Alfa Aesar, natural, microcrystal grade, ARS gicron, 99.9995%) was oxidized

by an improved Hummers method in order to obtain®&@riefly, 2 g of graphite poder was added

to a mixture of concentrated,850/HPCO, (360:40 mL) in a triangular shaped conical flask. After 30
minutes of magnetic stirring, 18 g of KMp@as added very slowly and the reaction was heated to
50°C and held for 16 hours. Once the reactieas completed, the temperature was cooled down to
ca. 16C in an ice container and then 400 mL of DROHwvas added in a dropwise fashion. 15 mL of
H,0, (30%) was then added to complete the oxidation reaction. The final mixture was centrifuged
and washeavith water, ethanol and HCI (30%), and then freeze dried-fbd&ys.

6.2.2 Synthesis of SG and G

Graphene with different sulfur concentrations was prepared by a thermal shock/quench annealing
process. Briefly, 120 mg of GO and the desired amount of phenyfidiis(PDS, Sigma Aldrich)

were mixed together by grinding. Different sulfur contents were achieved by adding 10, 60, 240 and
480 mg of PDS to the mixture. This mixture was then transferred into a quartz tube for annealing at
1000 °C for 30 min under Ar @ibspheré®. This was accomplished by keeping the sample upstream
(out of the heating zone) while the furnace reached the desired temperature, at which point it was
inserted into the heating zone. After the desired reaction timesample was removed from the
heating zone so that it would cool rapidly. Pure graphene was also synthesized by directly annealing

GO under the same conditions.

6.2.3 Synthesis of PtINW/SG and PtNW/G

To grow platinum nanowires onto the SG, 20 mg of SG wasdisgersed by ultrasonication for at

least 2 hours in a mixture of 4 mL ethylene glycol (EG) and 6 m\,Nfdimethyl formaide (DMF).

53 mg of HPtCk.6H,O was then added to the solution, followed by the addition of 0.5 g KOH. The
resultant solution wasagnetically stirred overnight and then transferred into a 20 mL Fefied
autoclave to heat in a convection oven at°C7fbr 8 hours. The final material was collected for
thorough washing with ethanol and DDI water before drying in a vacuum ovefiGat @§ing this
method, a platinum loading of 50 wt% was achieved. The same procedure was applied to prepare

platinum nanowires supported on pure graphene (PtINW/G).
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6.2.4 Material characterization

The samples were characterized ttgnsmissiorelectron microscopy(TEM, Zeiss Libra 200 MC)
equipped with EDX for elemental mapping, Raman spectroscopy (SENTERRA 314), XRD (Inel
XRG 3000 diffractometer), Xay photoelectron spectroscopy (XPS, PHI Quantera)saadning
electron microscopy (SEM, LEO FESEM 1530) equippetith EDX. The optical properties of the
prepared SG samples were analyzed byJifble spectroscopy (Ocean Optics, IMINI-2-GS).
Linear polarization (LPR) was carried out on gdint probe system to obtain the electrical

conductivity of G, SGs and GOgpared under different conditioff&.

6.2.5 Electrochemical characterization

To conduct electrochemical testing of the catalyst materials, the electrode was prepared by dispersing
2 mg of catalyst materials in a solution containing 0.95 mL ethanol and 0.05 mL 5% Nafion. The
electrode loading of the different nanowire catalysts ardctimmercial statef-the-art Pt/C (TKK,

28.2 wt. % Pt) was cob@ytlic wlamreetty (EW) cutves were?collecte® dt a
scan rate of 50 m¥? in N,-saturated 0.1M HCIQand the ORR measurements were conducted at a
scan rate of 5 m¢* in O,-saturated 0.1M HCI@at room temperature. Accelerated durability testing
(ADT) was performed by cycling the electrode potential 1000 times in-safdrated electrolyte
between 0.05 and 1.5 V vs. RHE at a scan rate of 50 mV/s. The temperaturdedéepametic
parameters for ORR on oxid®vered and oxidéee platinum surfaces of the different catalysts were
calculated at atmospheric pressure. Throughout the electrochemical investigations, the temperature
was varied from 20 to 50°C using a walbeth (Polystar®Cole Polymer®) and the cell temperature

was initially maintained at 20°C for at least 2 hours in order to ensure thermal equilibfatian
potential scan between 0.05 and 1.5 V vs RHE at a scan rat® /5™ in O,-saturated 0.1 M

HCIO, was applied during the equilibration period to maintain the electrode in an activated state.
Then, slow scan voltamograms for oxygen reduction were collected by sweeping the potential from
0.3to0 1.2 V vs RHE at scantesof 1 mVs™ ?*°, In this way, all the kinetic parameters were calculated

at each temperature. Moreover, the temperature was subsequently lowered back to check for
hysteresis. It should be noted that all of theuhs were electrolyte resistance corrected20 wt%

carbon black (Vulcan X&20) was added to the suspension in order to improve the dispefrsi@n o

nanowire catalyst on the glassy carbon electrode.
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6.2.6 Computational methods

The totalinternalenergies ofs and SGvere calculated using thédennaab initio simulation package
(VASP) program®? with the implemented DFT methdd ®. The pseudpotentials through the
projector augmented wave (PAW) method were used to replace the interaction potential of the core
electrons® #2* The Perdew, Burke and Ernzerhof (PBE) functiomak employed to describe the
electron exchangeorrelation energy®®, employing the sphpolarized generated gradient
approximation (GGAF® ?**. The valence electrons expressed by kSham wave functions were
expanded with a plangave basis set. A gamma point mesh wahkx @ x 1) k-points was employed

for the G andSG unit cell to samle the Brillouin zone, and utilized the MethfesBelxton smearing
method?*®. The energies were cut off at 520 eDuring optimizing structura) whole ions were
completelyrelaxeduntil the internal energes were converged within 10 eV. To calculate DOS of
surface, the surface of G and SG were generated ththagixpansiorof the (L x 1) unit cell, and a
vacuum space df3 A was employedThe tetrahedron methadas usedvithBl - chl 6 s ®correct i

for the density of stas (DOS) calculations.
6.3 Results and discussion

6.3.1 Physico-chemical characterization

Figure 6-la depicts a TEM image that represents the general graphene morphology of all SG
materials. An EDX elemental map was carried out on each sample and the distribution of sulfur

species were depicted ligure 6-1b (i-iv). It was observed that sulfur atoms el distributed and

the amount of sulfur increases with increased amounts of PDS added during synthesis. Using both

EDX and XPS Table A-2 in the appendiy, the sulfur contents of SG were 0.35, 1.40, 2.70 and 3.95

at%, corresponding to the addition of 80, 240 and 480 mg of PDS during synthesis, respectively.

These materials are named in order of increasing sulfur content-as 8&, SG3 and S&. The

morphologies of the PINW after deposition on-3Gvere investigated using TEM as shown in

Figure 6-1c. The diameter of the nanowires was in the range-8) &m, along with nanowire

l engths in excess of 1 em. We conducted el ement al
species along both the length and cross section of the nanowires, shdwgure 6-1d (i-ii).

Interestingly, the composition profile of the sulfur atoms closely matched that of platinum. One may
consider that this is due to the presence of free

nanowires, owing to the affity between these two atoms. To exclude this, EDX spectra were
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collected from a PtNW that extends beyond the surface of the underlyi&ysB@port. No sulfur

was detected during this scan, suggesting that the similar composition profile of sulfurtamanpla

is due to the sulfur species within SG acts as anchoring sites for the PtNWSs. In our previous studies
198t was shown that the Pt nanowires grow directiyo SG, and are comprised of numerous single
crystalline nanoparticles oriented along the <111> direction. TEM images and the corresponding
cross sectional diameter distribution of the nanowires obtained by PtINW/G, PINWRBEW/SG

2, PINW/SG3 and PtINWSG4 are shown ifrigure A-15 to A-19 in the appendix Interestingly, a

major portion of nanowires having small sized diameter was observed for PtNAfS€&@mparison

to other catalysts. For example, the distribution of diameter of the nanowires wasadbinithe

range of 83 nm for PtINW/G Figure A-15), 818 nm for PtNW/SGEL (Figure A-16), and 416 nm

for PtNW/SG2 (Figure A-17). However, PINW/S& possess relatively larger diameters, (i.e., 20)
nm along with some nanopatrticles agglomerated in amated structuremjgure A-18) that we have
previously shown as one of the steps of platinum nanowire gr&ftfOn the other hand, the
formation of nanowires vgasignificantly interrupted in the case of PtNW/8@nd a high proportion

of these elongated nanoparticle agglomerates was obgq&iigede A-19). XRD was used to confirm

that all of these structures were in fact fcc phase platifigaie A-20 in the appendix).
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Figure 6-1 (a-b) TEM and S maps on SGs c¢) TEM image of PtIS@+2 and d) EDX line scans.

The nature of chemical bonding in SG was investigated by XRfire 6-2 (ad) show the
characteristic C 1s peak obtained for the various SG materials. The typical C 1s region was
deconvoluted into different envelopes, corresponding to the following borfd3=€p(284.5 eV), sb

C-C (285.1 eV), @ (286.2 eV), C=0 (287.2), GO (B88. 9 eVHY* amdamsi tions
delocalized spbonded carbon structures (>290 e¥/j These peak deconvolutions allowed for
measurement of theatio of sg to sp bonded carbon content¥?° with the values of 2.05, 1.86,

1.45 and 1.1 for SG, SG2, SG3 and S&4 respectively. It is interesting to note that the
concentration ratio of sp2:sp3 carbon decreases significantly with increasing sulfur contents in SG.
This is to be expected, as the content of dopant speciemimardy linked to decreased degrees of
graphitization®®® %%, In reality, a fraction of edge/defect sites always exist in the graphene and with
increasing amount of Phenyl disulfide (PDS) during synthesis, those fractions can be affected
significantly that leads to higher amounts of sp3 bonded cafsm, the S 2 XPS spectra for SG,
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SG2, SG3 and S&4 are shown ifrigure A-21a in the appendix The peaks observed at 163.8 and

165.1 eV suggest the presence of thiophenic sulfur dopants, whereas the peaks above 165.5 eV are
assigned td C-SO,- species® ™. In addition with S peak analysis, the fitted Pi,4fnd 4f,,peaks at

71.6 and 75.2 eV, respectively, for 8GSG2, SG3 and S&4 are also shown iRigure A-21b in

the appendix It should be noted that no significant structural changes were observed in the S and Pt

spectra of the different SG samples, in contrast to the noticeable changes in the carbon bonding
configuration.
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Figure 6-2 XPS high resolution Clspectra for SG materials a) 9Gb) SG2, ¢) SG3 and d) SGL.

The structure of the different SG supports was analyzed by XRD, with results shbigaria 6-3a.
The average interlayer spacing corresponding to the (002) peak af eer2s3.49, 3.47, 3.41 and
3.38 A for SG1, SG2, SG3 and SG4, respectively. It is clear that the d spacing values of various
SG supports decrease with an increase in sulfutenonThis is likely due to the fact that more
oxygen functional species are removed with increasing amounts of Zalfarparticular, the oxygen
content of SG was found to decrease froitrd at% for SEL to 2.3 at% for S (Table A-2in the
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appendiX). In addition, the thickness of the graphene platelets can be determined by calculating the
crystallite sizes (1) in the (002) direction using the Scherrer equation:
L.= Aes/ Bcosd (6-1)

where A is the shapreayf awaweal ¢gngt.m,) ,d a s st teheBrXagg
width at half maximum (FWHMof the (002) peak in radians. The crystallite size increases with an

increase in sulfur concentration, with thicknesses of 18.1, 20.0, 35.1 and 43.8 AToiS&2, SG

3 and S&, respectively. The number of graphene layers can then be estfidtédby correlating

L. with the corresponding d spacing values to be 5.4, 6.2, 10.3 and 13.1, respectively. The d spacing

and the number of layers were increased significantly fe8&@Bd S&4, which indicate that a high

loading of sulfur precursor rgaenhance the restacking of graphene layers. This likely occurs due to

increased removal of oxygen species that was found concurrently with higher sulfur contents.

Ramanspectroscopwas used as a quantitative measure to estimate the degree of dis@@awiitn
different sulfur concentrations and results are showFigare 6-3b. In the spectra, the ratio of the D

band intensity to the G band intensity/[¢) were ca. 1.10, 1.23, 1.35 and 1.43 forE&G2, SG3

and S&4, respectively. All of thesgalues for SG materials were higher than that cfloped G

(Io/lg: 0.96). This shows that the sulfur atoms present in SG are in the form of defects. This is to be
expected considering that XPS indicated sulfur atoms are present in thiophenic form svehfclei

ring structure that disrupts the crystalline planes of graphene.

Figure 6-3c shows the UWis absorption spectra of G, SIG SG2, SG3, SG4 with a peak centered

at 268 nm. To determine the energy bandggp(E Taucds equ@ati on was appliec
v?0 =-E§°h ¥ (6-2)
where U is the absorbance, ¥ is t hePlamhognstanar fr equ

and & is the waWW2lee et Bgurs 6-8d) @dtraghttlinenntersedting with

the xa x i s 4( gis the ap wave lengthj®**>. The energy band gap was calculated based on
Es= h gtb be 0.45, 0.54, 61, 0.72 and 0.84 eV for of G, SI5 SG2, SG3 and SG4 respectively.

It should be noted that the band gap increases in the order-4f>66G3 > SG2 > SG1 > G,
suggesting a decrease in intrinsic conductivity due to an increasing amount of sulaphargr. The

trend observed is likely due to the lower graphitic character of the SG materials with increased sulfur
concentrations, confirmed both by XPS and Raman spectroscopy. The intrinsic conductivity of G and

various SGs was in fact measured usingZpmint probe method”® and the results obtained from
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the LPR technique arghown inFigure A-22 in the appendix The following equation was applied

to measure the intrinsic conductivity of the materials.

A = L/ RA (6-3)
where 15 is the conductivity in S/ cm, L is the t|
and A is the crossectional area of electrode in trifrom the LPR technique applied, the resistance
decreases in the order of GO SG4 > SG3 > SG2 > SG1 > G. Therefore, the intrinsic
conductivities determined for G, SG SG2, SG3, SG4 and GO were 16.5, 13.9, 10.6, 7.3, 1.6 and
1.4x10" S cmi', respectively, values that are within the range of previously reported results from the
literature #*°. The trends clearly show that the electrical conductivity of SG decreases with an
increasing sulfur content. Despite the féettconductivity plays an important role in electrocatalysis,
the best ORR performance was achieved for PtINVAZS@th a sulfur content of 1.40 at% (vide
infra). This suggests that at this content, conductivity limitations do not present a significant issu
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Figure 6-3 a) XRD for SG, b) Raman spectra of G and SGaddUV absorptiorfor G and SG
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6.3.2 Electrochemical characterization

Cyclic voltammetry (CV) was used to investigate the effect of sulfur concentration on the
electrochemical properties of the PtNW/G and PtNW/SGure 6-4a shows the steady state CVs of
PINW/G, PtNW/SGL, PtINW/SG2, PINW/SG3 and PtNW/SG! obtained in Msaturated 0.1 M

HCIO, solution. The typical hydrogen adsorption/desorption signature is observed in the 0.05t0 0.4 V
vs RHE potential range. Electrochemical double layer capacitance is observed between 0.4 and 0.7 V
vs RHE, and platinum oxidation/reductioncur in the range of 0.7 to 0.9 V vs RHE. ECSA values
were determined based on the calculated charge for hydrogen adsorption/desorption of each
voltamogram using the following equati&t?>®

ECSA =Q/(0.2%L) (6-4)

where Q indicates the charge density for hydrogen adsorptioncifCthat can be calculated by
integrating the hydrogen adsorption/desorption region and dividing by the potential scan rate, L is the
mass loading of Pt on the electrode (omj?) and the factor 0.21 (m€m?%,) is due to the charge
required to reduce a monolayer of protons on Pt. The ECSA values determined for PINW/G,
PINW/SG1, PtINW/SG2, PtNW/SG3 and PtNW/SG! are 24.2, 26.3, 28.5, 19.7 and 18 Bgmi’,
respectively Figure 6-4b shows the CV curves obtained for various catalyst materials subjected to
1000 potential cycles between 0.05 and 1.5 V vs RHE. After ADT, the ECSA values calculated for
PtINW/G, PtNW/SGL, PINW/SG2, PINW/SG3 and PINW/S@! are 10.8, 14.1, 21.4, Bdand 9.5

m® gec, respectively. However, ECSA values obtained for Pt/C before and after ADT are 54.5 and
13.1 nf gei’, respectively Figure A-23 in the appendiy. The reduced ECSA of the nanowire
catalysts in comparison to Pt/C is expected due tohibker diameter and anisotropic structure that
results in a lower degree of-Btom exposuré® '°® A comparison of the ECSA values of various
catalysts has been shownHigure 6-4c. Normalized ECSA valueshtained initially and after each

250 subsequent cycles are shownFigure 6-4d. It can be seen that the ECSA retention of
PINW/SG2 is higher, retaining 75% of its initial surface area whereas the retention was 45, 53, 55,
51 and 24% for PtNW/G, PINWSG PtNW/SG3, PtNW/SG4 and Pt/C, respectively. The least
ECSA retention exhibited by Pt/C in comparison to the nanowire catalysts can be explained by the
TEM images and the particle size distribution showRigure A-24 in the appendix It can be seen
thatthe nanopatrticles are significantly affected and the average size is increased from 2.15 to 7.5 nm.
These results indicate that PtINW/@Gas the highest electrochemical stability in terms of ECSA

retention during potential cycling. Additionally, it wasuhd that regardless of sulfur content, SG
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supported PtNWs demonstrated increased electrochemical stability in comparison to PtNW/G,

reasserting the beneficial impact of sulfur species in the catalyst supports.
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ORR measurements were carried out ps@turated 0.1 M HCIgsolution using a GC rotating disc
electrode at room temperature in order to investigate the influence of sulfur on ORR activity of
different nanowire catalysts. The polarization curves shoviaigare 6-5 (a-b) display the diffusing
limiting current regioa from ca. 0.05 to 0.65 V vs RHE and mixed kinglifusion control region
between ca. 0.7 and 1.05 V vs RHE. All polarization plots were collected using identical platinum
loadings on the electrode. It is clear that the-ha¥e potential of PtINW/SQ@ before and after ADT

was higher than the other catalysts, indicating in addition to improved electrochemical durability,

PtINW/SG2 also provides improved ORR activity. After ADT, the half wave potential loss was only
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15 mV for PtNW/SG2. On the other handhe losses in halivave potential were 48, 40, 38, 45 and

56 mV for PtNW/G, PtNW/SE., PtNW/SG3, PINW/SG4 and Pt/C, respectivelfigure 6-5¢). To
compare the mass activity of the different catalysts, kinetic current densities were calculated from the
polarization curves by correcting for mass transport and then normalizing with respect to platinum
loading™* *"®. The following Kouteckylevich equation was applied to calculate the kineticerurr
density, j:

1/j = 1j + 1ljq (6-5)

where j is the measured current densijtys fhe kinetic current density angig the diffusionlimiting

current density. Frorfiigure 6-5d, it can be seen that the initial mass activity calculated at 0.9 V vs
RHE for PtINW/SG2 was 182 mAmge;*, demonstrating excellent ORR activity in comparison with
PINW/G (125 mAmMge"), PINW/SG1 (142 mAmge;"), PINW/SG3 (108 mAmge;?), PtNW/SG4

(101 mAmgeY) and Pt/C (127 mAngs?). After the ADT, PtINW/SG2 also demonstrated superior
ORR stability, providing a mass activity of 131 migs* at 0.9 V vs. RHE that represents 72% of its
initial activity. Conversely, the mass activity retention after ADT for PtNW/G, PtNW/SG
PINW/SG3, PtNW/SG4 and Pt/C were 43, 45, 48, 46 and 28%, respectively. Moreover, the specific
activity determined at 0.9 V vs RHE shownhigure A-25 in the appendixfor PINW/SG2 was

hi gher dmp2i aAcompari son dndy) MNWSIBLG ( 6580k AA
PINW/SG3 (5 6ci)e BINWI/ISG4 (5 4ci%b)e Aand Pt /ci@%),(résgedtively. A
These results clearly indicate that-8@aneffectively increase the activity of PtNW/SE% Notably,

the Pt mass and specific activity obtained by PINW23fas higher than some other results reported

in the literature. These include carbon supported rauattied statike platinum nanowirethat shaevs

a mass activity of 13mnMA mger-and a speci f i c cng titrathin Ptynultipe 611 ¢ A
twinned nanowire networks that shows a mass activity ofrl44ngs;* and a specific activity of 139

e Acmi’s, platinum nanocrystal supported by reduceaphene oxide that shows a mass activity of
109mAmg'and a speci fi cm&andPtPd bimetallic handeh@itesatshows
amass activity of 20mAmgei'and a speci fi am@aCtFI NP tthasbeenwell 2 ¢ A

established that ORR activity of Pt nanostructures incs

i

seordingly with an appropriate decrease
in the binding energy of oxygenated species to the Pt sutfadé" ' > This is because low
coordination surface Pt atoms of nanoparticle structures that are prone to block the astig site
oxygenated species, i.e. @kinducing higher binding energy than the optimal values (~ 0.2'8V)
2% However, Pt nanowires possess fewer unddsirliw coordination sites that results in their

improved catalytic activity. Additionally, we believe that sulfur with 1.40 at% is an ideal amount in
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SG to achieve uniform Pt nanowire morphology and geometry leading to a higher ECSA, activity and
stability of PINW/SG2. Based on measurement of over 50 individual nanowires, the nanowires

supported by S& are smaller than the nanowires supported by G antl &@&l notably, the growth

of nanowires was significantly interrupted onto-8@nd S&4. The presencef a high amount of

sulfur in SG3 and SG4 might provide too many anchoring sites where nanoparticles nucleate and

begin to elongate, leaving insufficient platinum precursors in solution to continue the formation of

well-defined, smooth nanowires.
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Figure 6-5 ORR curves a) initially and b) after ADTomparison of the cl;, and d)Pt mass

activitiesobtained for the various catalysts

Mass transport corrected Tafel plots at different temperatures for PtNW/G and PtNW/SG catalysts are
shown inFigure 6-6 (ad). At any temperature, the low and the high Tafel slopes can be determined

for each catalyst and correspond to the potential regih@¥e oxygen reduction proceeds on oxide
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covered Pt surface (Temkin conditions) and on ckide Pt surface (Langmuir conditions),
respectivelf®. The low and high Tafel slopes from the lp§J plots calculated at diérent
temperatures for PINW/G, PINW/SIG PtNW/SG2 and PINW/S& catalysts remain essentially
constant (low Tafel slope: 805 mV dec" and high Tafel slope: 1205 mV dec?) **. The exchange
current densityj,) corresponding to each Tafel slope was calculated by extrapolating the potential to
the temperature corrected reversible potentigl (#th the determined values listedTiable A-3 in

the appendix Note that, the dependence of & temperature was evaluated using the following

equations®:
@G =1 706501 8.0T InT+92.84T (6-6)
E =1 pGnF (6-7)

wh e r &is theGree energy for £H, reaction producing liquid water, n is the number of electrons
transferred to produce one mole oftwa r , n=2 and F | €6485€CewolfFaradaydés co
The temperature dependence exchange current densities in both Tafel regimes for eaclareatalyst

plotted inFigure 6-6€, and the activation energy for oxygen reduction of the catalyst was deddrmin

using the following Arrhenius equation.

E. = 1 2.303R [dlogj/d(1/T)] (6-8)

where E is the activation energy id mol*, R is the gas consta(8.314 J mol* K* and T is the

temperature in KFigure 6-6f shows the apparent activation energy diagram of various catalysts in

both low and high current density regimes. The activation energy calculated for PtINW/G, PtNW/SG

1, PtNW/SG2 and PtNW/SG were 187, 17.3, 14.4, 22.1 kcahol™ in the low current density

regime (at 0.95 V) and 7.31, 6.40, 5.94 and 8.23 tkdf" in the high current density regime (at 0.85

V), respectively. These values are in close agreement with values reported in the literabaté f

the high current density regimi& and the low current density regirffe®®. It should be noted that

PINW/SG4 was omitted from temperature depentd studies owing to its relatively poor ORR
performance in comparison to other catalysts. Interestingly, PtNY®/PBssesses significantly

higher exchange current density and lower activation energy on bothamideed and oxid&ee

surfaces in compasdn to other catalysts. This again demonstrates the high electrocatalytic activity of

this catalyst towards the ORR. hilas beershown experimentally and theoretically that the first

electron transfer (O+ H + € Y O,H.4) of the ORRIs the rate determing step if the difference

between the activation energies on oxddeered and oxidéee Pt surface is 4 kcahol® 2%
However, in our studies, the difference between the activation energies afatalgist was above 8

kcal mol™*, which might indicate the existence of a chemical stéfollowing the first electron
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transfer on the Pt surfaé® ?*. Therefore, the following reaction mechanism can be considered to

elucidate the catalytic properties of various catalyst materials:

2Pt D PtOsus (6-9)
PtOsastH™+€ 2 FObH,us(first electrontransfer step) (6-10)
PtO,HasY  FO#PtOH (chemical step (6-11)
PtO+PtOH +H'+e ¥  FOH+PtOH (6-12)
PtOH+PtOH+2H+26 ¥ 2Pt+2H0 (6-13)

While considering the reaction steps mentioned above, the fractional coverage of reaction
intermediates in the rate determining step can be significeedlyced for PINW/S& due to its high
exchange current density and low activation energy compare to other catalysts. This can be attributed
to a weak binding between oxygenated species and the Pt surface atoms which is beneficial for
enhancing ORR kinet&c Therefore, it is obvious that the amount of sulfur in graphene is a crucial
parameter to tune the electrokinetics of nanowire catalysts. It is now demonstrated that 1.40 at%
sulfur in graphene provides improved physidt®mical properties favorable tontence Pt
electrocatalytic activity and stability. To illustrate, based on our DFT analysisadous SG
materials discussdd the next sectioit can be established that for SG with 0.35 at% sulfur-{3G

the DOS of SG is almost equal to that of pnistgraphene, showing a Dirac point which has no band
gap and energy of states supposes to display a similar ORR activity in comparison with that on pure
graphene. Interestingly, the performance observed was similar for both G atds@gported
PtNWs. On he other hand, at higher sulfur contents, the physhemical properties of SG (2.70

at% sulfur) and S& (3.95 at% sulfur) were adversely affected leading to an interruption on the

growth of weltdefined PtNWs that can potentially result in the redi@BdR activity and stability
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Figure 6-6 a-d) Mass transportorrected Tafel plots for oxygen reduction as a function of
temperatug, e) Arrhenius plot and f) Exchange current density.

6.3.3 Computational investigations

It was well established th#tte suppormaterialscansignificantly enhancehe catalytic activity and
stability of metallic nanoparticles such as Pt and'Bd*" 118 124 237244 |5 the graphen&ramework
the heéeroatomschangethe electronic structure agfraphengeproviding sufficient anchoring sites for
metal nanoparticke deposition leading to an improvectatalytic activity 1> 1" 240242 244246
Previously, we reported that both N andi&ed grapheneNG and SGsignificantly improvethe
activity and stability of Pt nanoparticlelsie to adownward shiftin d-band center, reded binding
energyof oxygen intermediates, aridcreasedcohesive energy and dissolution potentidfs*®.
Therefore, e electronic structure of suppod materials (e.g., density of states, DO$ an
important parameter that help us to understandrttegactions occurring between tsapportand
nanoparticlesandalso to investigate thalteration of intrinsiqoropertiesof the nanoparticle&® 2
242244 Owing to the advantages of sulfur doping into the graphene matrix arehifidial impact on
Pt nanoparticles, we were then motivated to elucidegestectronic structures of S6 a function of

sulfur concentratiorNote thatDFT analysis was conducted on SG to see how the DOS changes with
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a change in sulfur content. While this will have an effect on the electronic properties of the PtINWSs,
owing to the complex nature of this systems and intense computational facilities that would be
required to investigate this, these investigations arénotiided.Figure 6-7 demonstrate detailed

DFT analysis on G and SG with different sulfur contents ranging from 0.35 to 3.23Thtb.
calculated spin resolved density of stafP©S) of the valence electronsere calculatedin G and

SGs. As reportedpreviausly [20,21], graphene haa specific unique nature of semmetal which
appeas conicalshapenear the Fermi energg DOSat the point where no band gapdDOS exists
with the electrical c¢onduc'® (Figuret6y7a). dnterestingly 8& by
with 0.35 at%sulfur displays no band gap and DOSmilar to the pristine graphené~igure 6-7b).
However, further increasing the sulfur content of the graphene matrix, the disruption of the sp2
carbon hybridization occurs, resulting in a change of the Fermi level and Dfp&bendFigure 6-

7c-€). The ptal DOSfor thiophene like & reveasd that noenergy of densiésaregeneratedat Fermi

level inboth ofspinup anddown states showing a welldefinedbandgap of 0.158, 0.323 ar®476

eV for 1.02, 2.04 and 3.23 at%tlfurin graphenerespectivelyThe trend irband gawith increasing
amount ofsulfur in the graphene framework clearly indicates the loweringjeaftrical conductivity

of SG materials which was also confirmed by the experimental investigations.
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Figure 6-7 a-e) Calculated spin resolved density of states and their designed mod8laffior SG.

6.4 Conclusions

Through experimental and computational investigations, we provide detail fundamental insight for

designing PINW/SGs as ORR catalysts in acidic electrolyteeri®sof SG materials with varying
sulfur contents ranging from 0.35 to 3.95 atlaswrepared. We found that the amount of sulfur

significantly affects the ORR kinetics of nanowire catalysts due to the influence of the sulfur dopants
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present in SG. With greasing sulfur content, the number of graphene layers increased as determined
by XRD. Furthermore, the ratio sff to sp’ carbon decreases, indicating a less graphitic character of
SG. Moreover, the results obtained from W6 and LPR technique show tithe band gap increases

and the electrical conductivity decreases vathincreag in the amount of sulfur ithe graphene

matrix. Both of theseeffectsare consistent with the results obtained from DFT analysis. PtINV2/SG

(1.40 at% sulfur) shows the besectrokinetic performance, with a mass activity of 182 mgy*

and a specific %tV vs.yRHE Moredver? PINWASES shows a high
exchange current density and low activation energy which leads to a weakened interaction between
the nonreactive oxygenated species and Pt surface atoms that is beneficial for enhancing the kinetics

of oxygen reduction.
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The following section is based on our recent workHmgue, M. A., Hassan, M. F., Pritzker, M.,
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fiWeb-like 3D architecture of platinum nanowires and sulfurdoped CNT with superior
electrocatalytic performanced

Author contributions: H.M.A conducted the material preparations, characterizations and
electrochemicatests. H.M.A wrote the manuscript. C.Z. and P.Msaopervised the project. All

authors reviewed the manuscript.

7.1 Introduction

Long term durability of the platinum catalyst at the cathode is one of the critical challenges that have
limited the widespread afigation of proton exchange membrane fuel cells (PEMEC3)he loss of

the electrochemical surface area of Pt during fuel cell operation due to corrosiobaf sapports

and Pt dissolution/aggregation/Oswald ripening are mainly responsible for the rapid drop in the power
output of fuel cell$”® Up to now, platinum nanoparticles-8 nm) dispersed on carbon black
supports (Pt/C) have been the most widely used catalysts in cathddesver, such nanoparticles
undergo severe Oswald ripening and/or grain growth due to their high surface energy and zero
dimensional (0D) nanostructured characterisfies’*® #° In addition, carbon black undergoes
electrochemical corrosion at low potentials that causes Pt nanoparticle migration, agglomeration and

detachment from the catalyst structtffe.

The control of Pt nanostructures is one of the effective strategies to improve the durabilibhasé et
catalysts against the loss of EC8A** #*° For example, ondimensional (1D) Pt nanostructures

such as nanowires possess unique structural characteristics such atabiilifly and preferential
exposure of highly active crystal facets and easy electron transfer compared to their 0D
counterpart$>® ! The structural anisotropy of nanowires can slow down the ripening process and
impede dissolution/aggregation, thereby improving catalytic durability and/or ativitywever, Pt

nanowire catalysts grown onto stable supports such as carbon nanospheres (CNSs), carbon nanotubes
(CNTs) and graphene have been shown to have significantly enhanced duradifty®® Among

these support materials, CNTs possess outstanding properties such as high surface area, high
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electrical conductivity, high tensile strength coupled with excellent mass transport aBilityhas

been reported that doping CNTs withtdreatoms is an effective strategy to tune their intrinsic
properties and improve electrocatalyst activity and dura3lity> We previously demonstrated that

the doping of graphene with sulfur (SG) is a very promising support material for Pt nanostructures
that significantly improves stilly compared to the statef-theart Pt/C*® *® However, to our
knowledge, the use of CNTs doped with sulfwQIST) as Pt supports kanot been reported in the
literature. We have successfully synthesize@NSI' to support Pt nanowire electrocatalysts for the
ORR and show that the newly developed materials will have impact for a wide range of applications.

Herein, we report an advanceddarobust 3D electrocatalyst to address both the activity and
durability problems associated with using 1BCNT-supported Pt nanowires (PtNWEINT). We
provide details concerning the structure, properties and characteristiecSNT.SNVe optimize and
investigate the role of precursor materials on the formation of Pt nanowires-GMNTS Our
electrochemical studies show that PINVONT exhibits exceptional activity retention over 3000
accelerated durability test (ADT) cycles over the potential range frogt6.0.5 V vs RHE. The
unique 3D features of PtINWHSNT will have a significant role in the promotion of future cathode

electrocatalysts for practical application.
7.2 Experimental

7.2.1 Functionalization of CNT (F-CNT)

In a typical experiment, 500 mg cbmmercially available MWCNTSs (cheatubes.com) were added to
100 mL of a 3:1 mixture of concentrated3, and HNQ.The mixture was treated in an ultrasonic
bath for 20 min and refluxed while being constantly stirred 8€@0r 1 h. The solid phase was
renoved by centrifugation and washed withideized water until pH of the filtrate was 7. The filter

cake was dried under vacuum at@@or 24 h to obtain fENT.

7.2.2 Synthesis of S-doped CNT (S-CNT)

To synthesize €NT, 100 mg of functionalized CNT {€ENT) ard 50 mg of phenyl disulfide (PDS)

were ultrasonically dispersed in 5 mL acetone for 1 h. The residual was then evaporated to obtain a
uniform solid mixture by maintaining it at 50°C on a hot plate. The solid mixture was then transferred
into a small quartzube which was then placed inside a larger quartz tube for annealing. The sample

was not introduced inside the furnace until it reached a temperature diC1@0ce the furnace
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temperature was 10080, the sample was placed at the center of the furna@dfminutesThen, the
sample was removed from the tube furnace and cooled to room temperature in ambient Ar. The S
CNT was washed with DDI water and acetone to remove any organic impurities and dried overnight

at 80°C in a vacuum oven.

7.2.3 Synthesis of S-doped CNT supported platinum nanowires (PtNW/S-CNT)

The synthesis of PINW/ENT was accomplished by a modification of our previously published
method of synthesi§® In a typical synthesis, 15 mL ethylene glycol (EG) and 15Nit-dimethyl
formaide (DMF), 1.5 gm KOH and 26.5 mgPMCk.6H,O (10 mg Pt) were mixed together and
stirred for 1 h to obtain a homogeneous solution. Then, 10 mgaNTBSwere added and sid for

23 h. The final solution was transferred to a 50 mL tefiloed autoclave for heating at 170°C for 8

h. The black product was finally collected and washed several times with ethanol and DDI water
before drying in a vacuum oven at 80°C. Using théthod, a platinum loading of 50% was achieved.

The same procedure was applied to synthesize platinum nanowireSNh fPtNW/FCNT).

7.2.4 Materials characterization

The samples were characterized using scanning electron microscopy (SEM, LEO FESEM 1530),
trarsmission electron microscopy (TEM, JEOL 2010F), Raman spectroscopy (SENTERRA 314) and
X-ray photoelectron spectroscopy (XPS). Energy dispersivay>spectroscopy (EDX) and electron
energy loss spectroscopy (EELS) were used in conjunction with TEM tohmademental analysis

over the sample surfaces.

7.2.5 Electrochemical characterization

For electrochemical testing, 2 mg of catalyst materials were dispersed in 2 mipropanol
containing 10 €L (5 wt. %) Nafi on sdng ofcatayst by son
materials onto glassy carbon electrodeCycicc6 nm di a
voltammetry (CV) scans between 0.05 and 1.5 V RHE at a rate of 50'mérs conducted in aN

saturated 0.1 M HCIQ Polarization curves werabtained by CV cycling between 0.05 and 1.2 V

RHE at a scan rate of 5 mV* in O,-saturated 0.1M HCIQ The positivegoing scans during these

cycles were used to evaluate the electrocatalysis toward the ORR. All testing was conducted at room
temperature r&d the internal resistance (IR) drop was compensated to account for the effect of

electrolyte resistance on potential measurements.
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7.3 Results and Discussion

Figure 7-1illustrates the flash heat treatment (FHT) process-giregared SCNT and solvothermal
synthesis of Pt nanowires orGNT. More details on the experimental procedure is provided in the
supporting information. Briefly, the FHT process involves mixiRGRT and phenyl disulfide (PDS)
and heating the solid mixture at high temperature (1000°Chig temperature, FDS decomposes to
form carbonaceous gases and sdifae radicals, leading to the incorporation of sulfur atoms in the
carbon framework of FENT. To grow and support the Pt nanowires ortGNEl, we followed a

simple solvothermal procecde without surfactant which is harmful to catalytic activity.

SN
PtNW/S-CNT

Figure 7-1 A schematic shoimg the simple process of synthesizingSIT and PtNW/SCNT.

Figure 7-2apresents TEM images of€ENT collected at low magnification-ENTs have diameters
of 25+ 8 nm and can be as long as several microns. An energy dispersive spectroscopy (EDS)
elemental map of carbon and oxygen #&NT (Figure 7-2b) reveals that oxygen fictional groups
have been incorporated into the CNTs by contact with a ##S0O, mixture. High resolution TEM

(HRTEM) was used to count the number of walls {€RT, measure the inner and outer diameters,
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investigate structural integrity and identify sttural changes (e.g., sidewall damage) caused by
surface modificatio”® The FCNT in Figure7-2c has a 6.2 nm inner diameter, 14.7 nm outer
diameter and consists of approximately 20 layers. The HRTEM imageGNTSin Figure 7-2d
clearly indicates that the incorporation of S species by FHT does not alter the structural integrity of F
CNT. EDS mapping of carbon and sulfur irC8IT (Figure 7-2e) shows that sulfur species are
homogeneously distributed over the carbon network inFHNT. Used in conjunction with TEM,
EELS can generate sulfur elemental maps-@Ng in FCNT. As observed ifrigure 7-2f, sulfur

atoms are clearly incorporated intetcarbon matrix.

Raman spectroscopy was used to give a quantitative measure of the defect density in the CNT
materials. The spectra figure 7-2g show that the ratios of and intensity to @and intensity

(ID/IG) are 0.68, 0.82 and 1.05 in CNT;GNT and SCNT, respectively. This result indicates that

the sulfur atoms are present irC8IT as defects replacing carbon atoms via the reaction between
oxygencontaining groups in £NT and PDS. Using XPS, the identity and concentration of the
surface speciesf FFCNT and SCNT was confirmedFigure 7-2h displays the full range spectra of
F-CNT and SCNT, while their corresponding surface atomic concentrations are providembla

A-4 in the appendix Analysis of the S2p sulfur signal centered at 161.1 e\SfGNT reveals a

surface concentration of 1.02 at%. This indicates the effectiveness of applying the FHT on a mixture
of FCNT and PDS to incorporate sulfur dopants into the #1@NT structureFigure 7-2i presents

high resolution XPS scan of the S2gimn deconvoluted into two major peaks located at 163.93 and
165.10 eV and four minor peaks located at energies above165.92 eV. The two major peaks appear to
result from the S2p spiorbit doublet (S2p, and S2p,, respectively) that can be attributedstadfur

directly bonded to carbon atoms in the form e8C."* We speculate that theseS5C species exist

in the thiophene form, as supported by previously reported investigations and our formation energy
calculations'® Furthermore, the pentagonal structured thiophene species reside on the edge plane and
defect sites of £NT and most likly give rise to the appearance of the D band in the Raman spectra.
The four minor peaks observed in the spectra can be assigned to carbon borsfet®e?’
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Figure 7-2 a-c) TEM and EDX on FCNT, d-f) TEM and EELS on €NT, g) Raman ant-i) XPS

Figures 7-3a and b show representative scanning electron microscope (SEM) and transmission
electron microscope (TEM) images that reveal the interconnected 3D architecture ofSRINWV

The nanowires have a range of diameters from
previous investigation on the growth of Pt nanowires on the surface of SG shows that the nanowires
are composed of numerous Pt nanoparticles linked teg€ftirhe nanowires supported byCGNT

also appear to be composed of nanosized Pt particles joined together, with a crystallographic
orientation along the <111direction, a distance of approximately 0.23 nm between (111) planes, as
shown by the HRTEM image iRigure 7-3c. Apart from our previous studies, we modified the
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synthesis and investigated the role of precursor materials in the formation of Pt nanowtires i
presence of €NT (Figure A-26 to A-31 in the appendiy. We found that an ideal condition to
obtain the desired nanowire morphology can be achieved using 15 mL ethylene glycol, 15 mL DMF,
1.5 g KOH, 10 mg Pt and 10 mgGNT during synthesis. This lda to growth of smaitliameter Pt
nanowires primarily in the range of12 nm onto 1D nanostructured carbon supports suchCi¢TS
However, the nanowires grown on undope@NT tend to have larger diameters mostly in the range
of 8-20 nm(see Figure7-3d and Figure A-32 in the appendiy. Sulfur in FCNT appears to play a

key role in anchoring the direction of nanowire formation, binding the nanowires very tightly and
thereby avoiding their agglomeration/detachment. BET analfgisire 7-3e) shows that PINW/S

CNT possesses a specific surface area of 126 mhich is higher than that of PINWAENT (101
mfg"). The pore size distribution clearly shows the presence of multiple porosities
(micro/meso/macro) in the catalyst materials. It isrggéng to note that PINW/SGNT is highly
porous (total pore volume: 0.6 &git) and contains predominantly macropores (65%), whereas only
45% of the overall pore volume in PtNWEGNT (total pore volume: 0.38 cgi') involves
macropores. It has been remuitthat ORR performance can be improved by the presence of
macropores that shorten the diffusion length of reactive moletiiEserefore, it is expected that the
presence of numerous large pores should promote the efficient electrocatalysis by-RiNTV/Ehe

Pt4f spectra of PINWENT and PtNWF-CNT in Figure 7-3f-top show tha both materials exhibit

the characteristic doublet of zevalence Pt with the Pt4f7/2 and Pt4f5/2 located at 71.56 and 75.80
eV in PINW/SCNT and 71.25 and 74.58 eV in PINWINT. It is important to note that the peak
position in PtNW/SCNT is shifted by0.31 eV in the positive direction in comparison to that
observed for PINWH-CNT, providing a clear indication of an enhanced interaction between Pt and S
CNT. Moreover, a noticeable negative peak shift in the S2p peak for PtRWISby 0.33 eV
relative tothat observed in -€NT is observed(Figure 7-3f-bottom), indicating a transfer of
electrons from SCNT to Pt.
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Figure 7-3 a-c) Micrographsof PtINW/SCNT, d) TEM image of PtNW/FCNT, €) BET and f) XPS

Figure 7-4a shows cyclic voltammograms (CV) of PINWENT immersed in Msaturated HCIQ
(0.1M) obtained at a sweep rate of 50 mi¥ €V curves before and after cycling for up to 3000
cycles between 0.05 and 1.5 V RHE were collected to evaluate thtelomglectrochemical stability
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